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The Mediterranean area in last century was affected by very intense rainfall events concentrated 
over small portion of the territory generating flash-floods and landslides. These events caused 
serious damages to urban areas and in the worst events led to human losses. The temporal scale of 
these events has been observed to be strictly linked to the size of the catchments involved. 
Considering the presence of a great number of catchments with small drainage area (order of some 
km
2
) and related response time of few hours, a forecast at short lead time is essential for this kind of 
events. Nowcasting models, covering the time interval of the following two hours starting from the 
observation try to extend the predictability limits of the forecasting models in support of real-time 
flood alert system operations. 
This research project points to the realization of an integrated hydrological nowcasting chain, 
coupling existing nowcasting techniques (PhaSt, a spectral-based nowcasting procedure) and 
hydrological model (Continuum, a continuous distributed hydrological model). A work of 
enhancement of the nowcasting technique has been firstly performed to extend the forecast horizon 
a modification of the algorithm has been inserted in order to take into account the mechanism of 
growth and decay of the precipitation structure. Then the blending with the meteorological models 
that could allow to integrate the prediction at short lead time of the nowcasting technique (0-2 
hours) with the longer lead time of the meteorological models. A parallel work has been done in 
collaboration with the Centre of Applied Research in Hydrometeorology on the comparison of two 
probabilistic nowcasting technique and the effect of the propagation of the error of the rainfall 




The work focuses not only on the enhancement of the predictive ability of the single elements of the 
chain but is trying also to understand how each element can integrate in order to give a result that is 
reachable but also satisfying from an operational point of view and that can be used as a support in 
the decisional process for the warning system.  
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Chapter 1: Introduction 
Liguria region, located in north-western Italy, has been recurrently affected in the last century by 
severe rainfall events that produced flash-floods and landslides (Acquaotta et al., 2018).  
According to some recent studies (Gaume et al. 2009; Llassat et al. 2016; Gaume et al., 2016) the 
mostly damaging flash-floods occur more frequently in the Mediterranean area than in the rest of 
Europe and are causing losses both in economic terms and in terms of human lives (Figure 1). One 
of the main causes is the climate of the region: the geomorphological configuration of the area 
facing the Mediterranean Sea forces the formation of convergence in the low levels of the 
atmosphere and the raising warm wet masses of air that are carried to the coast produce convection. 
The second one is the high density of population in the coastal area, that lead to a change in the 
main land use due to the development of harbor, industrial, and residential areas. 
The most severe floods occurring in the Mediterranean area can be ascribed to the development of 
strongly convective intense precipitation events (with intensities up to 180 mm/h in 5 minutes). 
These events are often associated to stationary mesoscale systems lasting several hours leading that 
produce rainfall amounts exceeding 200 mm in a few hours over a limited portion of area (typically 




Figure 1: Number of casualties in each documented flood event over the period 1940-2015 from in the 
Mediterranean area (Gaume et al. 2016) 
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Only in the last few years there is plenty of examples of these kind of events. Between 8 and 9 
September 2002, a major mesoscale convective system affected the Gard area in the Céven-nes–
Vivarais region, France: 24 people were killed during this event and the economic damage is 
estimated at 1.2 billion euros (Delrieu et al., 2005, Huet et al., 2003). Still in the south of France, 
the 3
rd
 October 2015, intense rainfalls led to major flash-floods in that caused 20 fatalities and a 
total cost of damage estimated at over 650 million Euros (Bourgin et al., 2017; Payrastre et al., 
2016).  The 12
th
 October of the following year a flood event hit the county of Maresme in 
Catalunya, streets turned into rivers causing one death and damage to homes and some roads. Cars 
were swept along streets, in some cases as far as the sea (Cuevas et al., 2017).  




 2017 a heavy precipitation event interested the coastal 
areas of Tuscany, Italy. Over 200 mm/2 hours of precipitation were recorded in the nearby of 
Livorno where flash-floods occurred the day after and caused 9 casualties (Cioni et al, 2018; 
Ricciardelli et el., 2018). 
 
Figure 2: Example of at soil effects of floods over Mediterranean area: a) event in the region of Cannes, October 
2015; b) event in Catalunya, October 2016; c) event in Tuscany, September 2017. 
The last main event interested almost all the countries of the north-western Mediterranean area: 
during the days 9-10-11 October 2018 an event moving towards east hit progressively Spain, South 
France and Italy, causing damages and the death of many people (Figure 3). The town of Sant 
Llorenç des Cardassar (Mallorca, Spain) was severely struck and 12 people died because of the 
flood. On 10
th
 October in Sainte-Maxime, France, two people died when their car was swept away 
by the flood. The same day in Sardinia a woman died in her car devastated by the flood, that cause 




Figure 3: Impacts of the event of 9-10-11 October 2018 across the Mediterranean area: a) flood in Mallorca; b) 
collapse of highway infrastructure in Sardinia due to the flood; c) flood and debris flow in the South France.  
These events caused severe damages in the coastal urbanized areas and sometimes caused human 
casualties in Liguria Region (Faccini et al., 2009; Faccini et al., 2012; Silvestro et al., 2012a; 
Davolio et al., 2015; Silvestro et al., 2016) but also in other area of the Mediterranean (Drobinski, 
2014; Delrieu et al., 2005; Ducrocq et al., 2008). All these events were associated with well-
organized, very intense and localized convective systems affecting the same area of few square 
kilometres for several hours (Parodi et al., 2012; Rebora et al., 2013; Fiori et al., 2014; Buzzi et al., 
2014).  In these cases the events are hardly predictable by the meteorological models due to their 
small spatial and temporal scales. Nowcasting models can help by predicting the evolution of the 
rainfall pattern at regional scale, starting from the last observed radar rainfall images (i.e. radar-
based rainfall nowcasting) and by giving a short-term forecast (usually few hours).  
Radar-based rainfall nowcasting can be achieved by extrapolating the future rainfall distribution 
from a sequence of radar images; the radar-based rainfall nowcast has shown better skill for short 
lead time forecasting. The basic techniques to produce quantitative rainfall forecasts (QPFs) from 
radar echoes are based on cross-correlation or individual radar echo-tracking (Collier, 1981). An 
evolution in the nowcasting procedure has been the development of nowcasting methods operating 
in the Fourier domain (Seed, 2003; Xu and Chandrasekar, 2005) to consider the fact that the 
predictability of precipitation depends on the spatial scale of the structures (Wilson et al. 1998; 
Germann and Zawadzki, 2002). Among the techniques that follows a probabilistic approach Metta 
et al. (2009) developed a stochastic spectral-based nowcasting technique that predict the future 
rainfall scenarios starting from the rainfall fields observed by radar end evolving them through a 
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Fourier decomposition, while Berenguer et al. (2011) presented a method based on the String of 
Beads model; Foresti et al. (2016) analyzed the performance of a nowcasting algorithm that 
accounts stochastically for the process of growth and decay of rainfall cells 
The main limit of such nowcasting prediction is that its accuracy is quite high for very short lead 
times (20-120 minutes) but, since it is based on the extrapolation of the observed rainfall field, its 
accuracy rapidly decreases when lead time increases.  
One of the reasons why the accuracy rapidly decreases with increasing lead times is that radar 
nowcasting techniques do not model (or model them stochastically) processes such as growth and 
decay of precipitation structures (Golding, 1998), that in longer lead times become important 
processes. So, for very short lead time of precipitation (0–3 h), radar nowcast performs best, 
whereas for longer lead times, forecasts based on Numerical Weather Prediction System (NWPS) 
are better (Kilambi and Zawadzki, 2005; Lin et al., 2005; Kober et al., 2012; Wang et al., 2015). On 
the other side NWPS allows rainfall predictions with not sufficient spatial and time detail (Davolio 
et al., 2015; Silvestro et al. 2016). 
Therefore, after the very first hours (usually 0–3 h) of radar-based nowcasting, NWPS forecasts can 
be merged to generate a seamless 0-6 hour prediction with higher skill. This procedure requires an 
accurate QPF in the very short term from the meteorological model, at a high resolution of a few 
kilometers, since the tolerance for timing or location errors is very limited, especially in case of 
severe storms (Sun et al., 2014). In fact, a correct forecast allows a smooth transition from radar 
extrapolation to model prediction. To meet nowcasting requirements, NWP models have to be run 
at convection-permitting resolution (1-4 km, Weisman et al., 2008; Kain et al., 2006) starting from a 
better initial condition that also reduces the spin-up period. Therefore, several methodologies for 
rapid data assimilation have been developed in order to be suitable for nowcasting application. 
Rapid Update Cycle procedures have been widely used in operational framework (Wilson and 
Roberts, 2006; Benjamin et al., 2004) to provide a “warm start” and hence reduce the model spin-
up. Also, radar reflectivity has been employed to improve the initial condition, e.g. exploiting the 
information on latent heating through the application of nudging technique (Sokol and Zacharov, 
2012; Dow and Macpherson, 2013; Bick et al., 2016; Davolio et al., 2017a), eventually reducing the 
intensity/position error in rainfall prediction. 
Hydrological forecast is useful in a hydrological nowcasting perspective but for limited lead times 
(Silvestro et al., 2015a) with applications also on urban hydrology (Thorndahl et al., 2017). Various 
works attempted also to improve hydrological forecasting by improving the rainfall forecast using 
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both observations and models. Rossa et al. (2010) assimilated radar data on NWPS to improve 
precipitation prediction; Davolio et al. (2017a) assimilated rainfall field derived from both radar and 
gauge observations (Sinclair and Pegram, 2005) in a NWPS and used the rainfall prediction in a 
probabilistic hydrometeorological forecast chain; Liechti et al. (2013) and Liechti and Zappa (2016) 
explored the impact on hydrological forecasting derived by different techniques of rainfall forecast 
based on both NWPS and radar data; Kyznarova et al., (2012, 2013) tried to use the INCA system 
(Haiden et al., 2011) precipitation products as input to an hydrological model evaluating the benefit 
in respect to use extrapolation techniques. 
Within this framework, the present study attempts to use in a synergic way a nowcasting model, a 
high-resolution NWP model (MOLOCH) corrected by a data assimilation technique and rainfall 
observations. The rainfall estimation derived from both radar and gauge observations is used in a 
frequent (60 minutes) data assimilation framework on a NWPS; this should drive NWPS QPF to 
better reproduce observations in terms of spatial and time location (Davolio et al., 2017a). A 
probabilistic nowcasting model was improved in order to get as input the information derived from 
NWPS QPF. A blending technique based on previous studies (Kilambi and Zawadzki, 2005; Kober 
et al., 2012; Bowler et al., 2006, Nerini et al., 2018) is then used to smoothly combine nowcasting 
rainfall scenarios and NWPS QPF.  
The use of the “nowcasted” rainfall field can effectively extend the lead time available for issuing 
flood and flash-flood forecasts by several hours depending on the accuracy of the precipitation 
forecasting technique. Sufficiently long lead time is required for flood early warning system to be 
useful for issue warnings in various forms, from taking flood mitigation measures, evacuating 
potentially affected residents and so on. 
The possibility to predict with more accuracy the rainfall fields in input to the hydrological model 
can improve in a significant way the accuracy of the hydrological forecast applied on short lead 
times (Berenguer et al., 2005; Silvestro et al., 2012b).  
The last module of the present nowcasting chain is represented by the distributed hydrological 
model Continuum (Silvestro et al., 2013; Silvestro et al., 2015b; Cenci et al., 2016) that is used to 
transform rainfall prediction in streamflow prediction in a frequent updated Flood Forecasting 
System (20 minutes). Using as input the forecast rainfall as described above, it provides a 
probabilistic output, with many predicted discharge scenarios, useful in real time management 
operations of emergency.  
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Although the elements of the chain are not innovative by themselves, some new elements are 
introduced within this study. Firstly, the blending was performed not only combining the rainfall 
fields forecasted by the nowcasting and the NWPS  in their spatial distribution as in more standard 
approaches (Kilambi and Zawadzki, 2005); in fact the nowcasted rainfall field are modified along 
the forecast window according to the information related to the rainfall volume time variation 
derived by NWPS, this could be consider as a matter of fact, a sort of blending of the volume. 
Secondly the NWPS is rapidly updated with observations trough a data assimilation technique 
before its information content is used to trigger the nowcasting model; finally, the verifications are 
done on a hydrological perspective following both a point and distributed approach in order to 
enhance the sample of data.  
The system is applied on three major flood events occurred on the Liguria Region located in north 
west of Italy; results are presented comparing streamflow forecast obtained using rainfall 
predictions from different configurations of the presented system, in order to evidence the benefit of 
using or not some modules of the presented system. 
The thesis is organized as follows: the next Chapter will illustrate the area of application and the 
relevance of the study; in Chapter 3 can be found the state of the art of the research area related to 
the PhD work; Chapter 4 introduces the elements of the hydrological nowcasting chain; in Chapter 







Chapter 2: Area of study  
 
The area of application object of this study is Liguria Region, representative of the coastal 
environment in the Mediterranean area described in the Introduction. The problem of the sensitivity 
of the urban area to the floods is particularly significant in Liguria Region (Figure 4).  
 
Figure 4: Location of Liguria Region in the north-west of Italy 
Liguria is bordered by France (Provence-Alpes-Côte d'Azur) to the west, Piedmont to the north, and 
Emilia-Romagna and Tuscany to the east. It faces the Ligurean Sea and it is closed on the other side 
by the Alps and the Appenines mountains.  
The region is mainly mountainous (65% of total), some mountains rise above 2000 m and, since is 
squeezed between mountains and sea, the narrow strip of land is characterized by high steep. Most 
of the urban areas developed along the coast in a process of land use change due to the development 
of harbour, industrial, and residential areas, which has strongly impacted geomorphologic processes 
(Brandolini, P., 2012; Faccini et al., 2015a).  
Over the past and current century, recurring flash-flood events occurred (1953, 1970, 1992, 1993, 
2011, 2014) and several landslides that have caused severe damage to urbanized areas on both the 
coastal-fluvial plains and surrounding slopes, sometimes involving human casualties. The analysis 
of the annual distribution of past events indicates that these phenomena have occurred with rising 
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frequency in the last seventy years. Only in the last decade many events hit the region, such as the 
flood event of 2010, 2011 and 2014, occurred in various part of the region (Figure 5). 
The 4
th
 October 2010 (Faccini et al., 2015a,b) heavy rainfall affected the western part of the city of 
Genoa (Sestri Ponente), with a total cumulative precipitation level of approximately 400 mm/6h. 
This rainfall amount caused the lower reach of the Chiaravagna catchment to flood and a large 
number of shallow landslides, debris flows in the upper part of the Molinassi catchment, both 
flowing in Genoa Sestri Ponente. The lower parts of these catchments, the urbanized fluvial-coastal 
plains, were almost completely flooded.  
 The 25
th
 October of the following year, heavy rainfall affected the area between eastern Liguria and 
northern Tuscany (Cevasco et al., 2013). The event caused thousands of shallow landslides, erosive 
and depositional processes, floods, 13 casualties. Along the coast, the western sector of the Cinque 
Terre was affected by floods in Monterosso and Vernazza, severely damaging both from structural 
and economic point of view. 
On the 4
th
 of November of the same year the city of Genoa was rocked by severe flash-floods 
(Silvestro et al., 2012a, Rebora et al., 2013, Fiori et al., 2014). Nearly 500 mm of rain, a third of the 
average annual rainfall, fell in six hours. A flash-flood occurred in the Fereggiano catchment 
causing 6 casualties and millions of euros in damages. 
The 9
th
 of October 2014 a flash-flood took place in Genoa (Rebora et al., 2015; Silvestro et al., 
2016).  
These events caused severe damages in the coastal urbanized areas and sometimes caused human 
casualties in Liguria Region (Faccini et al., 2009; Faccini et al., 2012; Silvestro et al., 2012a; 





Figure 5: Main events affecting Liguria region in the last decade: a) 4th October 2010 event, flooding of Genova 
Sestri Ponente; b) 25th October 2011 event, Val di Vara and Cinque Terre; c) 4th November 2011 event, Fereggiano 
and Bisagno going out of the banks flooding Genova city center; d) 9th October 2014 event, flooding of Bisagno  
During all these events rainfall was very localized, a large amount of precipitation fell in an area of 
few square kilometers with high intensities in few hours produced by well organized, very intense 
and localized mesoscale convective system (MCS) that remained stationary for a significant number 
of hours on the same area (Ferretti et al., 2013, Fiori et al. 2014, Rebora et al. 2013). 
In addition to this a great number of catchments in Liguria has very limited spatial extension (less 
than 100 km
2
) and, due to the geomorphologic configuration of the region, very steep slopes. Many 
of these basins, around 200, have a drained area even smaller than 15 km
2 
(see Martina et al., 2018).  
Considering these facts, it is clear that the corresponding hydrologic response timescale of these 
catchments is in the order of a few hours, threatening the urban areas, in which the time to take 
decision for emergency actions is consequently short. Hence a suitable forecast and early-warning 
of these kind of events is essential (Ferraris L., 2002). 
For the PhD work three main cases have been analyzed occurring in Liguria Region during autumn 
of 2014. Hereafter a brief description of the events and of the main catchments involved and 




One of the events analyzed is the already mentioned event of 9
th
 October 2014: during this event a 
devastating flood affected the Bisagno Creek, located in the municipality of Genoa, causing the 
death of one person and hundreds of millions of euro in damage to public infrastructure, buildings 
and goods (Rebora et al., 2015; Silvestro et al., 2016). During the 8
th
 and the morning of 9
th
 of 
October a series of  stationary storms affected the central and eastern parts of the Liguria Region. 
On the Bisagno Creek about 130 mm of rainfall was recorded at basin scale in 36 h, produced by 
three main events of 3–6 h duration. During the evening of 9
th
, after some hours of very light rain, 
there was a new, strong and intensified storm; approximately 4 h of very intense rainfall affected 
the central part of the catchment causing a very fast response of the basin. 
This time, 130 mm of rainfall was recorded in 4 h as average amount at basin scale, but with local 
rainfall amounts within the basin (on areas of only a few square kilometers) of 250 mm. These very 
high rainfall intensities, even if for short durations, had a fundamental role in the runoff formation 
and led to a peak flow of about 1100–1200 m
3
/s corresponding to a return period T of 
approximately 100–200 years. 
This event affected mainly the Bisagno Creek and but also the basins Scrivia and Sturla, located 
nearby in the province of Genoa (Figure 6). 
 




During the second event event, that stroke the area of Chiavari and its inland Fontanabuona valley 




 of November 2014; many catchments of this area 
overflew causing damages and the loss of two human lives. Along the 10
th
 November 24 hours of 
heavy rainfall interested Liguria region and in particular in the area of Entella catchment (Figure 7) 
were registered high amount of cumulative rainfall. In upper Graveglia Valley (eastern tributary of 
the Entella stream) and along the middle and lower Fontanabuona valley cumulative rainfall 
amounts of 170 mm/6 hours.  
 
Figure 7: Location of the basin mainly involved in the event of 11th November 2014, Entella  
The maximum rainfall rate was registered at the Panesi raingauge, inside Entella catchment, with  
66 mm in 1 hour, 220mm in 6 hours. The main at ground effects were flash floods and landslides: 
the most important effects involved Entella catchment and its tributaries between 20:00 and 23:00 
UTC causing the rising of Lavagna stream level at Carasco of 6 m and of Entella at Panesi of 7 m. 
The last event occurred some days later on in the same month, during the first hours of the 15
th
 of 
November. During this event rainfall intensities reached high values all over Liguria Region: 
maximum rainfall rates have been registered at Mignanego rain gauge, located along the course of 
Polcevera river, with 108 mm in 1 hour and 236 mm in 6 hours. In many rivers the creek level 
raised and many flooding were registered in Savona and Genoa provinces caused by small 
catchments. Within the municipality of Genoa many areas were flooded mainly because of the 
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flooding of Cerusa, Polcevera (see location in Figure 8) and its tributaries Riccò, Fegino e Rio 
Torbella.  
 
Figure 8: Location of the basins analyzed for the 15th November event 
The size of the catchments considered is really different: Cerusa has a drained area of 25 km
2
 while 
Polcevera of almost 150 km
2
. In both the basins occurred damages during this event flooding the 







Chapter 3: State of the art 
The importance of a suitable hydrological nowcasting chain has been introduced in the previous 
section. Sufficiently long lead time is required for flood early warning system to be useful for issue 
timely warnings in various forms, from taking flood mitigation measures, evacuating potentially 
affected residents. In this chapter a literature review of all the elements composing the chain will be 
developed: the nowcasting models (3.1), the NWPS and the data assimilation module (3.2), the 
blending technique (3.3), the hydrological models (3.4), the hydrological nowcasting chain (3.5). 
3.1 Nowcasting models 
Rainfall forecasts can effectively extend the lead time available for issuing flood and flash-flood 
forecasts by several hours depending on the accuracy of the precipitation forecasting technique. To 
incorporate a short-term rainfall forecast into a hydrologic simulation, quantitative precipitation 
estimates (QPEs) from weather radars, satellites, and numerical weather models (Droegemeier et al. 
2000) can be used to extrapolate rainfall fields and increase hydrologic predictability (Smith and 
Austin 2000; Berenguer et al. 2005). While quantitative precipitation estimation is a method that 
approximates the amount of precipitation that has fallen at a location or across a region, the 
Quantitative Precipitation Forecast (abbreviated QPF) is the expected amount of melted  
accumulated over a specified time period over a specified area.  
Rainfall forecasting or quantitative precipitation forecasting (QPF) can be obtained through both 
medium range forecast (beyond 3 days), short-range forecast (usually a few days) and very short-
term forecasting (in the order of hours) known as nowcasting.  
Traditionally, QPFs can be achieved by extrapolating the future rainfall distribution from a 
sequence of radar images (i.e. radar-based rainfall nowcasting) or by solving numerically the 
equations of a NWP model. 
It has been found that the radar-based rainfall nowcast has shown better skill for short lead time 
forecasting; this is expected as radar can capture very well the initial precipitation as they are based 
on the assimilation of the initial precipitation state as provided by the radar rainfall estimates (Smith 
and Austin, 2000; Lin et al., 2005; Berenguer et al., 2012). So, for very short lead time of 
precipitation (0–3 h), radar nowcast performs better, whereas for longer lead times, forecasts based 
on numerical models are better as they could provide signal of heavy rainfall. 
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One of the reasons why the accuracy rapidly decreases with increasing lead times is that radar 
nowcasting techniques do not model processes such as growth and decay of precipitation (Golding, 
1998), that in longer lead times become crucial. 
First attempts of deterministic radar-based rainfall nowcasts are represented by Eulerian or 
Lagrangian persistence. In the case of Eulerian persistence, the most recent radar rainfall 
observation is used as the nowcast. In Lagrangian persistence the motion field of the most recent 
observation is determined and then extrapolated into the future (examples of both techniques can be 
found in Germann and Zawadzki (2002, 2004)).  
The first techniques for nowcasting thunderstorm location were developed in the 1960s and 1970s 
by extrapolating radar echoes. The basic techniques to produce quantitative rainfall forecasts from 
radar echoes are based on cross-correlation or individual radar echo-tracking (Collier, 1981). Austin 
and Bellon, (1974) implemented for the first time the cross-correlation pattern matching technique 
to forecast storms up to 3h ahead. An echo centroid tracking technique was implemented by 
Browning et al., (1982) for the extrapolation of frontal rainfall 6h ahead. The results showed that 
the loss of predictability was due to decay and development processes not modeled by these 
forecasting techniques. 
In order to integrate the advantages of radar-based and NWP-based rainfall forecasting techniques, 
hybrid systems merging radar nowcasts and NWP forecasts started to be developed in the 1980s.  
The aim was to achieve more skillful forecasts than either radar nowcasting models or NWP models 
could provide (Golding, 1998).  
Some nowcasting techniques like NIMROD (Golding, 1998) and GANDOLF (Pierce et al., 2000) 
try to combine radar data with satellite data and meteorological models, but the results are not 
always better than using radar information alone. NIMROD (Nowcasting and Initialization for 
Modelling Using Regional Observation Data System) was developed for tracking stratiform-type 
storms and has little potential with convective-type systems. NIMROD uses a combination of radar 
echoes and NWP wind fields.  
GANDOLF (Generating Advanced Nowcasts for Deployment in Operational Land-surface flood 
Forecasts) is an automated system for generating short range (0–6h) forecasts of precipitation with 
high spatial (2 km) and temporal (15 min) resolutions which scheme combines cross-correlation and 
NWP based wind advection algorithms to forecast the motion of a discrete set of rain objects. 
GANDOLF was developed for tracking large-scale multi-cellular convective-type storms and 
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utilizes 3-D reflectivity data to identify convective storms. Once a storm has been identified it is 
then classified into different stages of development and when compared to the conceptual model for 
ideal storm evolution, the future development of the storm is estimated. 
Several other nowcasting schemes have been introduced in the literature. Among these, the 
Thunderstorm Identification, Tracking, Analysis, and Nowcasting (TITAN) system (Dixon and 
Weiner, 1993) is a cell tracker that has the ability to grow and dissipate storm cells based on 
historical trends and it was specifically developed for convective-type storms. The thunderstorm 
Auto-nowcaster (ANC) system (Mueller et al., 2003) was developed to nowcast convective-type 
storms by using fuzzy logic. Radar reflectivity is extrapolated coupled with wind pattern data and 
the system can estimate initiation, growth and dissipation of storms (Wilson et al., 2004). 
An important improvement in the nowcasting techniques has been done connecting the 
predictability of precipitation at short temporal scales with the spatial scale of the structures 
considered (Wilson et al. 1998; Germann and Zawadzki 2002). This has motivated the development 
of stochastic nowcasting methods operating in the Fourier domain, such as Spectral Prognosis (S-
PROG; Seed 2003) or the method proposed by Xu and Chandrasekar (2005). In these techniques, 
the spectral representation allows for naturally considering the scale dependence of the statistical 
properties. 
S-PROG is an advection-based nowcasting system that combines three components: the estimation 
of the field advection, decomposition of the field into Fourier components, and a model for the scale 
dependent Lagrangian evolution of the field. It exploits the observed rain fields using both spatial 
and dynamic scaling-dependent properties. The lifetime of a feature in the field is on the scale of the 
feature (large features evolve more slowly than small features), and that features at all scales 
between the outer and inner observed scales are present in the field. Fourier filters are used to 
decompose the rain field into its spectral components and the Lagrangian temporal evolution of 
each level in the cascade is modeled using an autoregressive model, which automatically causes the 
forecast field to become smooth as the structures at the various scales evolve through their lifetimes. 
The forecast field is then simply calculated as the sum of the advected Lagrangian forecasts for each 
Fourier component. 
Another example of hybrid model is the Stochastic Probabilistic Precipitation Forecasting Scheme 




STEPS derives forecast data from two separate sources—radar-based rain analyses and NWP model 
forecasts. In order to merge these with uncertainty estimates, three cascades are maintained—an 
extrapolation forecast cascade, an NWP model forecast cascade and a noise cascade. Using 
estimates of the skill of the two forecast cascades permits the determination of the relative weights 
given to each cascade. The advection uncertainty is modeled by a random field of velocities which 
is correlated in space. The uncertainty in the field evolution is modeled using the S-PROG 
multiplicative cascade approach (Seed 2003).  
The idea to express uncertainty by adding a stochastic component to the nowcasting forecast has 
been further explored within Germann et al. (2009), in which is presented REAL (Radar Ensemble 
generator designed for usage in the Alps using LU decomposition): the radar precipitation field is 
perturbed with correlated random noise, representing the residual space-time uncertainty in the 
radar estimates. Then in Berenguer et al. (2011) the SBMcast model, already presented in 
Berenguer et al. (2005) is adapted in its probabilistic version exploiting the String of Beads model 
(Pegram and Clothier, 2001) to generate ensembles of rainfall forecasts compatible with the 
observations (evolving from the most recent observations). 
In this framework is located the probabilistic nowcasting technique PhaSt, introduced by Metta et 
al. (2009). PhaSt, which description will be deepened in section 4.1, is a spectral-based nonlinear 
stochastic nowcasting model based on the empirical nonlinear transformation of rainfall fields 
followed by their stochastic evolution in spectral space.  
In the last years development has been done in this field under different perspectives. One of these 
is the use of machine learning to recognize certain pattern of precipitation. Panziera et al., (2011) 
developed a tool, NORA (Nowcasting of Orographic Rainfall by means of Analogues), for 
short‐term forecasting of precipitation exploiting the orographic forcing and the increasing volumes 
of radar data archives using the method of analogues. Advances in this field have been done also in 
Foresti et al. (2018), in which a 10 years archive of composite radar images is exploited to perform 
a statistical analysis of precipitation growth and decay highlighting the mesoscale flow conditions 
and geographical locations most prone to orographic precipitation enhancement in mountainous 
regions. 
Another aspect under which the studies upon nowcasting are moving forward is the connection of 
the nowcasting output to the forecast of the NWP model; this technique, called blending, will be 
further analyzed in section 3.3. Within this framework a further step is done: the NWP model used 
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is corrected with data assimilation of radar data, to obtain a forecast, more reliable, updated with 
observations. This element of the chain will be described in the following section (3.2) 
 
3.2 Numerical Weather Prediction System and data assimilation 
module 
In the last decades many advancements led to a substantial improvement of the Numerical Weather 
Prediction Systems (NWPSs) forecast skill (Buizza et al. 1999). The increasing resolution of them 
recently allowed their use in a operational framework at small spatial scale (2 km or less). Despite 
of that the Quantitative Precipitation Forecasts are still affected by errors that are really relevant at 
small spatial and temporal scales such as those characterizing the events mentioned before 
characterized by intense and persistent rainfall structures lasting several hours leading and 
producing high rainfall amounts falling over a limited portion of area in (Siccardi et al.,2005).  
Besides that, those events are often associated with phenomena, as deep convection, that presents a 
chaotic behavior and a consequently low predictability. Hence, errors in the initial and boundary 
conditions can rapidly worsen the accuracy of the QPFs. To deal with this problem recently several 
studies focused in the assimilation of observations, in particular rainfall data, into the NWPS (Sun 
2005, Dixon et al. 2009; Dow and Macpherson 2013).  
The main purpose of Data Assimilation (DA) is the merging of measurements and model 
predictions under the assumption that both supply useful information on the system state. In recent 
years several DA techniques have been developed, differing in numerical cost, optimality and 
suitability for real-time applications.  
The main DA techniques can be distinct in two approaches: the sequential and the variational 
approach. The most basic technique, part of the family of the sequential approach, is the Direct 
Insertion (DI), that is adopting a simple replacement of forecast predictions with observations, 
whenever they are available, within the model simulations. In the same family but with rising 
complexity, an improved version of this scheme is the Optimal Interpolation (OI) technique. 
Whenever observations are available and assimilated, model predictions are adjusted according to 
an a priori error structure of both observations and model estimates, which are supposed to be 
constant throughout the simulation.  
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Among these sequential techniques is located the Nudging method (or Newtonian relaxation) 
(Stauffer and Seaman, 1990), that will be further described in section 4.3. The nudging method 
allows to take into account the observational uncertainty, which is a priori defined. According to 
this DA technique, a correction term is added to the prognostic model equations with the aim of 
gradually relaxing the predictions towards observations 
At a higher level of complexity among the sequential DA methods, the Kalman filter (Kalman, 
1960; Evensen, 2003) and several techniques based on Kalman filtering. It enables to evaluate the 
optimal weighting between modelled and observed states, according to their degrees of uncertainty. 
The main feature distinguishing this approach from more static ones is the dynamic updating of the 
forecast error covariance during the simulation.  
As an alternative to sequential assimilation, the variational (VAR) methods can be efficiently used 
in complex modelling system (Ercolani and Castelli, 2017). Instead of using only the observations 
available at each assimilation time step, the VAR methods simultaneously process all the 
observations in the assimilation window to estimate the system state and obtain the best solution to 
the analysis problem (Holm, 2003). The variational data-assimilation technique achieves this 
through the iterative minimization of a prescribed cost function (Ide et al., 1997). 
The objective function is defined in terms of a trade-off between the amount of noise introduced 
into the model and the distance between simulated and observed variables (Lee et al., 2012). The 
assimilation problem is therefore redefined as an iterative process aiming at minimizing the gap 
between observed fields and model states. 
Among the variational techniques the three-dimensional (i.e. space dimensions) VAR DA 
(3DVAR) uses one-time observations to statistically produce initial conditions through forecast 
fields and observational data. The four-dimensional (i.e. space and time dimensions) VAR DA 
(4DVAR) differs from the 3DVAR for including the dynamic evolution of the model in the 
assimilation (Holm, 2003). 
The assimilation of rainfall data is not of easy implementation since this variable is not directly 
forecasted by a NWP model but is the result of dynamical and microphysical atmosphere processes.  
In Xiao and Sun (2007) high-resolution (2 km) radar data assimilation into the NWP model proved 
to better represent the convective systems in the model initial conditions. Other studies applied data 
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assimilation on rainfall observations converted from the radar reflectivity data into the NWP model 
(Stephan et al., 2008).  
Among the developed technique at ECMWF, a 4DVAR analysis system has been used 
operationally since November 1997 (Rabier et al. 1992; Mahfouf and Rabier 2000; Klinker et al. 
2000). Remaining in an operational framework Macpherson (2001) introduced the assimilation of 
radar-derived rainfall data into the UK Met Office. 
Even though DA is a suitable technique to enhance the NWPS forecasts, in the first time steps short 
term forecasting is till performing better: for this reason the blending technique can be the solution 
to combine different rainfall input into a unique rainfall field that try to take the best from every 
forecasting method. The literature review related to this research area is reported in the next section 
(3.3). 
 
3.3 Blending technique 
As said in section 3.1, nowcasting models have shown to have a predictability limit after some 
hours of forecast. This behavior is mainly due to the fact that in the nowcasting model the evolution 
of the precipitation systems is only related to the motion of the existing precipitation structures. The 
processes of growth and decay of the precipitation systems are not considered while their 
importance increases with increasing lead time (Germann et al., 2006). The blending technique tries 
to overcome this limit aiming to connect the nowcasting output with the NWPS forecast.  
Blending has been previously analyzed in some studies with the purpose of improving the rainfall 
forecast smoothly mixing nowcasting rainfall scenarios and NWPS QPF. First attempts have been 
made by Golding (1998) and by Bowler et al. (2006). Most of the published methods for combining 
nowcasts and forecasts use a weighted sum of the two fields. The weighting functions are defined 
by the skill of the predictions derived from suitable quality measures. 
In Kilambi and Zawadzky (2005), a combination of nowcasts obtained with MAPLE (McGill 
Algorithm for Precipitation nowcasting by Lagrangian Extrapolation, Turner et al., 2004) and 
precipitation forecasts from NWP models WRF and GEM (Cote et al.,1998 and Carpenter et al., 
2004) is performed after an evaluation of their relative skills. The weight scheme is based upon the 
climatological, or long term average, value of Critical Success Index (CSI, see Equation 1) of each 
individual component of the ensemble as a function of lead time.  
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   Eq.1 
In Kober et al. (2012) probabilistic nowcasts are created by combining the output of the radar 
tracker Radar TRAcking and Monitoring (Rad-TRAM, Kober and Tafferner, 2009) with the 
forecasts of COSMO-DE-EPS (DWD development of the COSMO-DE model, Baldauf et al., 
2011). The combination of the forecasted rainfall fields is performed through a weighting function 
derived from an index, the Conditional Square Root of Ranked (CSRR) probability score, 
representing the skill of the nowcasting technique. The weighting function for Rad-TRAM, is 
defined in Equation 2, depending on the CSRR expressed in function of the lead time τ: 
           
 
            
 Eq.2 
The weight   for the COSMO-DE-EPS based forecasts is described in Equation 3: 
              Eq.3 
The resulting blended rainfall field is then a linear combination of the weighted rainfall fields . 
In Atencia et al. (2010) two blending techniques are compared aiming at obtaining from three 
methodologies [advection of the radar reflectivity field (ADV), Identification, tracking and 
forecasting of convective structures (CST) and NWP] a single and optimized QPF at each lead time. 
The first one is based on previous methodologies as the ones described above, but different indexes 
to compute the weights are tested (CSI, POD, FAR, bias etc). To summarize the different 
performances of the indexes, a standard index is defined converting every index into an 
dimensionless index that varies between zero for the perfect forecast and infinity for totally 
mismatching forecasts. Known the standard index for the NWP model (  ) and the standard index 
related to the advection forecast (   ), the weight for the NWP model is calculated as follows: 
   
   
      
 Eq.4 
While the weight for the advection forecast is described in Equation 5:  





Such as for the other blending techniques, the resulting field is a linear combination of the weighted 
rainfall fields.  
A different approach is represented in Atencia et al. (2010) by the second blending technique, called 
spatial blending, that introduces spatial dependence of weights as distance function to rainfall 
structures. To avoid loss of information about the new rainfall areas the advection and evolution 
term and the source term are separated; the forecast area is divided in a region where precipitation is 
recorded, a second area called weight variation area (where the advection is forecasting 
precipitation and 20 km around the first and the second area) and, finally, a third region where only 
the source term is taken into account. In the first two area the weight computed as in the classical 
blending. The third area is not weighted, but only corrected by an intensity bias index, obtained 
comparing previous model forecasting with the final observed rainfall. This technique was proven 
to improve mainly at the beginning of the forecast because of maintaining the new precipitation 
areas coming from the model. 
As in this PhD work the focus is not only on the blending technique, the technique used, referring to 
the research area of the classical blending, will be the one described in Section 4.4.  
All the elements defined up to this point represent only the input of the hydrological model: the 
framework in which the hydrological model used is located is hereafter illustrated (Section 3.4). 
 
3.4 Hydrological models 
The suitable choice of hydrologic model depends on the forecast lead time, catchment size, and the 
characteristics of runoff (Arduino et al. 2005).  
In the wide range of hydrological models a distinction has to be done according to representation of 
the spatial dimension: the model may be lumped, semi-distributed and distributed. A lumped model 
views a watershed as a system that produces outputs (hydrographs) without detailed spatial 
variability of the physical processes that produce that response. They use mean values of the basin 
features as well spatially-averaged values of inputs/outputs. The use of mean parameters leads to 




In semi-distributed models the sub-basins are represented as irregularly shaped but hydrologically 
homogeneous: runoff is aggregated to the catchment outlet using routing methods. Conversely, 
distributed models consider the spatial variability of processes, inputs and outputs. Usually the 
basin area is divided in different sub-units on which the equations for the different processes are 
solved so that flood information across the catchment can be more easily derived. Because of the 
distributed nature of hydrological properties like soil type, slope and land-use, they are expected to 
accurately represent the watershed processes. 
In distributed models, basin runoff response can vary within the watershed according to the 
temporal and spatial variability in rainfall, surface properties, and antecedent wetness (Ivanov et al. 
2004a, b). Their detailed and complete description of the hydrological cycle characterize these 
models with abundant number of parameters, that need the knowledge of many information 
regarding the modeled catchments. 
Physics-based distributed hydrologic models are more likely to represent the cause–effect 
relationships leading to changing runoff behavior (Arduino et al. 2005). These models can offer 
distinct advantages over conceptual, lumped models and are used widely for flood forecasting (e.g., 
Garrote and Bras 1995; Reed et al. 2004; Ivanov et al. 2004b).  
Another distinction can be done according to representation of the temporal dimension: it is 
possible to distinct event based model and continuous models. 
An event-based model represents a single discharge event with a duration in a range from a few 
hours to some days. Initial conditions (especially moisture) should be a priori determined and 
introduced as input (Berthet et al., 2009). Output accuracy is strongly influenced by initial 
conditions reliability. Usually some processes are neglected (evapotranspiration, water table 
recharge…). A continuous model resolves the hydrological processes on a longer period of time. It 
considers all the processes involved in the hydrologic cycle, the influence of initial conditions 
rapidly decreases with time.  
In this thesis we use a distributed hydrological model that will be described in section 4.5. The 
connection of all the elements led to the implementation of a hydrological nowcasting chain, 




 3.5 Hydrological nowcasting chain 
The use of the hydrological nowcasting chain helps technicians to evaluate the possible scenarios of 
discharge that will be occurring (Siccardi et al., 2005; Pappenberger et al., 2013). For small and 
very small basins with short response times prone to flash-flooding radar rainfall estimates have 
proven to be extremely valuable because of their high spatial and temporal resolution which allows 
for near real-time tracking of storms (Berenguer et al., 2011).  
A number of studies (Giannoni et al., 2003; Berenguer et al., 2005; Vivoni et al., 2006 and 2007; 
Germann et al., 2009, Gourley et al., 2010) have shown the benefit of coupling radar rainfall 
measurements with distributed rainfall–runoff models to improve the simulation of the response of 
small- to medium-sized catchments. 
In Berenguer et al. (2005), a modified version of S-PROG is applied in the Mediterranean Region 
and the performances of the flood nowcasting chain, result of the connection between S-PROG and 
the distributed rainfall-runoff model DiCHiTop (Corral et al., 2001), are evaluated. Results show 
better performances of the chain fed by the nowcasting technique with respect to the simpler 
Eulerian and Lagrangian persistence with an increase in terms of gained lead time in the forecast.  
In Foresti et al. (2016) it is possible to find that many studies already analyzed the added value of 
the deterministic nowcasting systems in catchments hydrology but is more difficult to find the same 
for probabilistic hydrological nowcasting chain. Deterministic forecasts have the advantage that 
they are usually easier to produce and verify by forecasters, and interpret by the wider community. 
On the other hand probabilistic forecasts allow the forecaster to provide information on the 
certainty/uncertainty associated with the occurrence of a particular event. By the side of the end 
user probabilistic forecasts inform the user of the uncertainty and provide information necessary for 
making rational decisions, enabling the user to take risk explicitly into account (Krzysztofowicz, 
2001; Ramos et al., 2013).   
However, in the last years, radar-based ensemble nowcasting systems are increasingly used as 
inputs for flood and sewer system modeling (Silvestro et al., 2012b; Silvestro et al.,2015a; Codo & 
Rico-Ramirez, 2018) 
In Silvestro et al. (2012b and 2015a) the nowcasting technique used in this work, PhaSt (Metta et 
al., 2009), has been used as part of a probabilistic nowcasting chain with a linear, semi-distributed 
rainfall-runoff model (DRiFt, Giannoni et al., 2000) for small and medium size basins with drainage 
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 in specific case studies. In this work, PhaSt is used 
coupled with Continuum (Silvestro et al., 2013, 2015b) for creating a flood nowcasting chain 
(description in Chapter 4). 
In Europe, since 2009, the operational European Flood Awareness System (EFAS) produces flash 
flood warnings based on the European Precipitation Index (EPIC), calculated using the cumulated 
rainfall forecasted by COSMO-LEPS for different durations compared with climatologic values 
(Thielen et al., 2009; Pappenberger et al., 2011).  
The AIGA system (Javelle et al., 2016), operationally running in France, compares discharges 
generated by a simple conceptual hourly hydrologic model run based on radar rainfall estimations, 
to reference flood quantiles of different return periods, at any point along the river network. The 
system  hence gives in real time an information on the severity of ongoing events using the range of 
the return period estimated. 
According to Cuo et al. (2011) in literature it is possible to find many examples of using NWP 
model–based ensembles and using radar ensembles, but none use both in combination with 
forecasting streamflow. This is the attempt of the current work, the definition and the testing of an 
integrated hydrological nowcasting chain that takes in input the best combination of QPF and 
produces a probabilistic forecast of discharge. The elements of this chain will be analyzed in the 






Chapter 4: New development of an integrated 
hydrological nowcasting chain 
In this chapter all the elements that compose the hydrological nowcasting chain developed along the 
PhD will be described. Starting from the main input of the chain, the rainfall observed through the 
radar (4.1), the nowcasting technique, PhaSt (4.2), the meteorological model and the data 
assimilation scheme used (4.3), the blending technique and the blending functions examined (4.4), 
the hydrological model Continuum (4.5), the whole hydrological nowcasting chain (4.6)  
 
4.1 Input of the chain: radar rainfall data 
The main input of the hydrological forecasting chain is the observed rainfall. This observed rainfall 
field comes from the Doppler polarimetric C-band radar, located on Mount Settepani (Figure 9) at 
an altitude of 1386 m, that works operationally with 10 min scan time and 1x1 km
2
 spatial 
resolution. The rainfall field is estimated through the algorithm described in Silvestro et al. (2009) 
and is currently used by the Meteorological Weather Services in the Italian regions of Piedmont and 
Liguria and by the Italian Civil Protection Department. The observed rainfall field is also the input 
of the nowcasting model and it is used in the assimilation scheme: both the processes will be 
explained in the following chapter. 
 





4.2 The nowcasting algorithm: PhaSt 
PhaSt (Metta et al., 2009) is a spectral-based nowcasting procedure based on the empirical 
nonlinear transformation of precipitation fields provided by radar measurements and on the 
stochastic evolution of the transformed fields in spectral space. This procedure is able to provide an 
ensemble, probabilistic nowcasting of precipitation fields up to a lead time of two hours. 
In this approach, the initial one-point distribution and power spectrum of the precipitation field are 
kept constant, and a stochastic Ornstein–Uhlenbeck process (Uhlenbeck and Ornstein, 1930) is used 
for the time evolution of the Fourier phases of the Gaussianized precipitation field. The method 
automatically includes large-scale advection of precipitation structures, and it reproduces the 
nonlinear and intermittent nature of rain fields. In addition, the use of spectral space instead of 
physical space assures that the spatial correlations of precipitation fields are preserved. 
The model requires two initial precipitation fields, to be used as initial conditions. It takes an 
empirical nonlinear transformation of the two precipitation fields used as initial 
conditions, p(x, y, t = 0) and p(x, y, t = −Δt), generates two Gaussian fields, g(x, y, 0) and g(x,y, 
−Δt). The Fourier transform of the Gaussianized fields are taken and their Fourier spectra, ĝ(kx,ky, 
0) and ĝ(kx, ky, −Δt), is obtained. From these for each wavenumber (kx,ky) the Fourier phase, ϕ, and 
an estimate of the Fourier angular frequency are calculated. Fourier phases are then evolved in time 
by a stochastic process while Fourier amplitudes are kept fixed. There are several stochastic models 
that can be used to evolve the Fourier phases. 
To allow for the presence of time correlations in the angular frequencies a Langevin-type model is 
used: the temporal evolution of the Fourier phase ϕ(kx, ky) at a given wavenumber (kx, ky) is written 
in terms of a linear Ornstein–Uhlenbeck stochastic process for the angular frequency. The Ornstein–
Uhlenbeck process generates angular frequencies that have a Gaussian distribution with zero mean 
and variance σ
2
 and an exponentially decaying temporal autocorrelation. 
The spectrum with the evolved Fourier phases is inverted to generate a nowcasted Gaussian field at 
the time t of interest, g(x, y, t). This evolved field has the same power spectrum as the initial 
Gaussianized field, g(x, y, 0). Different realizations of the stochastic process allow for generating 
different evolutions of the precipitation field and for creating an ensemble of precipitation nowcasts. 
Then an inverse nonlinear transformation to pass from the evolved Gaussian field g(x, y, t) to the 
nowcasted precipitation field is performed.  
36 
 
The use of a stochastic process for the evolution of Fourier phases allows for generating many 
realizations, to be used as members of an ensemble of precipitation nowcasts. All ensemble 
members are characterized by the same amplitude distribution and very similar power spectra. 
However, the phase evolution (i.e., the positioning of rainfall structures) evolves differently in the 
different realizations, providing an estimate of the probability of occurrence of precipitation at a 
given point in space and a given moment in time. 
One of the first steps of this PhD work has been a study on the nowcasting model PhaSt: starting 
from the formulation as it was operational at CFMI-PC of Liguria Region, a deep analysis on the 
model characteristics has been performed, calibrating some of the parameters in input.  
In the previous version of the model there were some issues in the forecast: the fields forecasted 
where really similar between each other but the correlation with the initial radar rainfall field is 
decreasing too much along the forecast time originating forecast very different in comparison with 
the observed rainfall field. To cope with these problems the equations that characterize the 





        
    
  
 
                                                                                                                                 
                                                                                                                                                   




   
 
   
  
  
                                       
  Eq.6 
 
Where:  
•  ks is the spectral phase, dependent on the wavenumbers kx and ky: ks was set to one in the 
original equations. Through this relation is possible to give more weight to the small scales and less 
weight to the bigger ones;  
• T is the decorrelation-time, after which the rainfall field is assumed to stop 
• σ
2
 is the variance of the Gaussian noise used to take into account the uncertainty of the 
nowcasting process;  
•  dW a is a random increment drawn from a normal distribution with zero mean and second-
order moment (W is a Wiener process). 
Different attempts have been performed to test the behavior of the nowcasting technique and assess 
the representativeness of the produced rainfall fields. Parameters as the power at which the sum of 
the wavenumbers is elevated, the variance of the process and the tendency velocity of the rainfall 
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field have been calibrated. The power of the wavenumbers changed in order to give more 
importance to the change in the rainfall structure at small scale than in the larger scale. 
The representation of the noise of the forecasted rainfall filed has been distinguished into two 
components, one related to a noise constant in time and the other one to a noise changing in time 
and space in order to have forecasted rainfall fields different between each other along the 
dimension related to the ensembles but coherent with the initial observed rainfall field.  
This recalibration allowed to set the variability of the different scenarios to a suitable range: as it 
can be seen in Figure 10 after 10 minutes the forecast is almost identical for all the scenarios. This is 
representative of the reality: the movement of the precipitation structures should be minimal and 
there should not be many differences between the ensembles as at the beginning of the forecast the 
uncertainty is low. 
 
Figure 10: PhaSt forecast expressed in mm at 10 minutes for the run of 09-10-2014 at 19:00 
After 1 hour (Figure 11) the differences between the 10 forecasted rainfall field are in this version 
appreciable while after two hours from the start of the run the forecast become less reliable and 





Figure 11: Phast forecast expressed in mm at 1 hour for the run of 09-10-2014 at 19:00 
For this first step of the study the number of members that was used operationally at CFMI-PC of 
Liguria Region (10) has been maintained. For the next developments the number of ensemble has 
been raised to 20: for the spatial scale in which the model is applied this number can be considered 
sufficiently representative of the variability of the rainfall structures. Further increasing of the 
number of ensemble is not recommendable considering the computational time of the hydrological 
nowcasting chain as a whole. Since the rainfall input is updated every 10 minutes it would be really 






4.3 The meteorological model and the assimilation module 
In the second part of the study the hydrological nowcasting chain is enriched with a new input: The 
model used has been developed and updated by the institute of research ISAC-CNR of Bologna. 
The operational chain includes the non-hydrostatic model MOLOCH, nested on the BOLAM model 
(Figure 12).  
BOLAM is a limited-area hydrostatic model (Buzzi et al., 2004) based on primitive equations with 
a convective parameterization derived from Kain (2004) operating over a limited area of the globe 
(Europe).  
 
Figure 12: NWP system: MOLOCH is nested on the limited area model BOLAM, that in turn is taking its initial 
and boundary conditions from the forecasts of ECMWF  
The initial and boundary conditions of BOLAM are supplied by four analysis per day (at 00, 06, 12, 
18 UTC) and by the forecast of the ECMWF (European Centre for Medium-Range Weather 
Forecasts) global model at 0.125°; this allows to have updated run every 6 hours. The integration 
domain of BOLAM covers most of Europe with a total of 362x322 grid points on 45 levels and at 
present it runs on a horizontal grid size of 0.075 degrees (8.3 km) in rotated geographical 
coordinates. BOLAM runs are initialized at 00, 06, 12, 18 UTC of each day.  
40 
 
MOLOCH was more recently developed (details in Malguzzi et al., 2006; Buzzi et al., 2014; 
Davolio et al., 2017b) in order to perform forecasts with higher spatial detail, allowing an explicit 
representation of convective phenomena.  
MOLOCH is nested in a 3-hour forecast of BOLAM to avoid a direct downscaling form the global 
analysis to the high-resolution grid and runs for 21 hours. BOLAM and MOLOCH differ mainly in 
the dynamical core, including the fact that MOLOCH resolves explicitly deep convection, while the 
following parameterization schemes are common in the two models: atmospheric radiation, 
atmospheric boundary layer and surface layer, soil processes and, to a large extent, microphysical 
processes.  
The prognostic variables are the wind components u and v, the absolute temperature, the surface 
pressure, the specific humidity and the turbulent kinetic energy. The water cycle for stratiform 
precipitation is described by means of five additional prognostic variables: cloud ice, cloud water, 
rain, snow and graupel. 
 
Figure 13: Integration domain of MOLOCH NWP model: it covers northern and central Italy with a resolution of 
0.02 degrees (2.2 km) 
The integration domain (Figure 13) covers north and central Italy. MOLOCH integrates the non-
hydrostatic, fully compressible equations for the atmosphere, on a latitude-longitude rotated 
Arakawa C-grid, with a grid spacing resolution of 0.02 degrees, equivalent to about 2.2 km, and on 
60 vertical levels (hybrid terrain-following coordinates).  
The assimilation method, whose implementation in MOLOCH is shown in Figure 14, is based on 
nudging. The nudging technique represents a simple and empirical approach that has been proven to 
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significantly improve QPFs, although with an impact limited to the first lead hours of model 
forecasts (Leuenberger and Rossa 2007; Stephan et al. 2008; Sokol 2009; Sokol and Zacharov 
2012; Craig et al. 2012; Dow and Macpherson 2013; Bick et al. 2016). It is also very simple and 
computationally cheap and therefore suitable to be exploited in very short range 
hydrometeorological forecasting systems (Rossa et al. 2010).  
This scheme was applied to large-scale precipitation systems and to a model with parameterized 
convection and demonstrated to be able to improve the QPF for several heavy precipitation events 
(Buzzi and Davolio 2007). 
 
 
Figure 14: MOLOCH forecasts and data assimilation implementation:  
 
During the assimilation window, model specific humidity profiles at each grid point are 
progressively modified depending on the comparison between observed and forecast rainfall. To 
attain this aim, hourly precipitation estimates provided by Settepani radar are used as observations. 
The assimilation scheme is explained in detail in Davolio et al. (2017a). The set up conceived for 
the present application takes into account the time requirements for an operational implementation. 
Considering the timing for global data availability and radar estimates delivery and processing, the 
first assimilation windows covers the first 6 hours of forecast. At the end of this period, the model 
state is stored, and a free forecast is run to cover the following hours. In this way, once a new 
hourly rainfall observation is available, an additional 1-h assimilation is performed, re-starting the 
model from the stored condition. This procedure can proceed for several hours, at least until the 
following global analysis is available, and allows for updating and improving forecasts, as a 
consequence of a longer assimilation period. 
The information retrieved from the NWP model corrected with DA is used within the hydrological 
nowcasting chain in two main forms: firstly a work has been done using the information regarding 
42 
 
the volume variation along the forecast horizon (see section 5.2). Secondly, the rainfall field 
forecasted by the NWP model corrected with DA is used as it is in input to the hydrological model: 
in this case the fields forecasted are merged with the nowcasted rainfall field to obtain a seamless 
rainfall input of 6 hours to the hydrological model. The results of this work will be explained in 
section 5.3.  
4.4 Application of the blending technique 
As said in section 3.1 the main limit of the nowcasting methods is that usually they do not include 
processes such as growth and decay of precipitation (Golding, 1998), that in longer lead times have 
increasing importance. On the other hand, these physical processes are represented in the NWPS so 
that it is worth to connect the two output of the nowcasting and the meteorological model in a 
resulting rainfall forecast the most accurate as possible. To combine the rainfall forecasted fields, in 
this work a blending function has been written in order to balance the forecast reliability of the two 
models 
Recalling at what has been introduced in section 3.3, many of the previous methodologies to 
estimate the blending function start from the statistical indexes calculated on the forecasted rainfall 
field for the two models. These indexes allow to calculate the weight to give to the different rainfall 
fields forecasted. This strategy cannot be applied in this case due to the scarcity of rainfall events 
considered: having only three case studies it is not possible to have representative scores for the two 
methodologies. Only few events have been studied because of computational costs: long series  of 
high resolution NWP models are usually not run in hindcast mode for a large number of flood 
events. In this work, looking at the blending functions already presented in literature and according 
to the arguments presented before about the representativeness of the models of the physical 
processes after the first hours of forecast a first guess of the possible blending functions to use has 




Figure 15: Different blending function analyzed: on the left the weighting function related to the nowcasted 
rainfall field, on the right the complementary function, used to weight the NWPS forecast. The first weighting 
function (red line) is a step function while the other functions are increasingly smoother. 
The first thing to notice is that the weights of the NWPS forecasted rainfall fields are calculated as 
the symmetric function with respect to the half of the y axis in this way: 
                        Eq.7 
Then, looking at the four different blending functions: the first function, that will be called below 
“step function”, is gives all the weight for the first two hours to the nowcasted rainfall field and 
then, up to the end of the forecast, all the weight to the NWPS forecast as a switch on/off between 
the two models. The other three functions are then a progressive smoothing of this step function, 
trying to produce an intermediate forecasted rainfall field between the nowcasted and the forecasted 
that is a representative linear combination of them.  
At a first glance could seem that all blending functions give too much weight in the first time steps 
to the nowcasting model. This trend is due to the fact that, beside the weighting function that (more 
or less) smoothly combine the forecasted field starting from the two hours of forecast, a first 
blending is performed through the modification of the rainfall volume, information derived from the 
NWPS forecast corrected hourly with data assimilation, in the nowcasted rainfall field. Moreover, 
we expect that forecast derived by extrapolation from observation can capture the spatial-temporal 
pattern better than NWPS along the first two hours of forecast (Metta et al., 2009; Collier, 1981; 
Seed, 2003; Xu and Chandrasekar, 2005; Berenguer et al., 2011). In this way more weight is given 
to the information of the nowcasting model regarding the positioning of the rainfall structures and a 
first correction of the forecast is done through the modification of the volume. Then, going ahead 
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with the forecast time, less weight is given to the nowcasted rainfall field in favor of the NWPS 
forecast, that gains more importance with time up to almost 5 hours ahead, time in which the 
rainfall field coincide with the one forecasted by the meteorological model. In fact at this time step, 
in spite of the modification of the volume of the nowcasted rainfall field, the absence of dynamic 
modeling in the nowcasting would affect too much the quality of the forecast in terms of spatio-
temporal evolution of the rainfall fields. 
Hence the rainfall blended field at a certain forecast time T results then from the linear combination 
of the field nowcasted and the field forecasted by the meteorological models assimilated as follows: 
                        
                                                         
Eq.8 
Since the forecast of the NWPS is deterministic the rainfall field that will be combined with the 
probabilistic forecast of the nowcasting is always the same field for the 20 forecasted rainfall field. 
Hence initially, as long as the weight of the nowcasted field is higher than the other weight the 
rainfall blended fields will be different between each other according to the spread of the 
nowcasting. When the weight of the nowcast is approaching to zero all the forecasted rainfall fields 
are more similar one to each other and similar to the deterministic forecast of the NWPS. 
The resulting rainfall fields for six hours of forecast are the input of the hydrological model, whose 
detailed description is the topic of the next section (4.5). 
 
4.5 The hydrological model: Continuum 
 
C-DRiFt (Continuous Discharge River Forecast), named Continuum (Silvestro et al., 2013, 2015b) 
hereafter, is an evolution of DRiFt model. DRiFt (Discharge River Forecast) is a semi-distributed 
hydrological model (Giannoni et al., 2000) that simulates the discharge process within a basin. It 
takes into account the spatial variation of inputs such as meteorological input, morphologic, 
geological and anthropic characteristics of the basin, but it is lumped in parameters, and the 
discharge can be obtained in a given location wherever in the catchment. For these reasons, DRiFt 
is in the class of calibrated-parameters, semi-distributed models.  
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Continuum is a continuous distributed hydrological model and all the main hydrological 
phenomena are modeled in a distributed way.  It strongly relies on a morphological approach, based 
on a novel way for the drainage network components identification (Giannoni et al., 2005). 
The basin is represented using a regular square mesh, based on Digital Elevation Model (DEM), the 
flow directions are identified on the basis of the directions of maximum slope derived from the 
DEM (O’Callaghan and Mark, 1984). The drainage network distinguishes between hillslope and 
channeled flow (Giannoni et al., 2000). 
As input, together with the interpolated meteorological data from ground sensors (rainfall, air 
temperature, wind velocity, short-wave solar radiation, relative humidity) and LAI (Leaf Area 
Index) matrices from satellite products (optional), Continuum only needs DEM and Soil 
Conservation Service Curve Number (SCS-CN) values (Mishra and Singh, 2013) 
The model (schematized in Figure 16) solves explicitly both the continuity equation and the energy 
balance in a distributed fashion, using well known simplifications.  
 




Infiltration and subsurface flows are described using a semi-empirical, but quite detailed, 
methodology based on a modification of the Horton algorithm (Gabellani et al., 2008), the dynamic 










] is the time evolution of volumetric soil moisture per unit area,      is the 
infiltration rate [L t
-1
] and       [L t
-1
] is the percolation rate that is, in turn, subdivided in two 
components according to the values of the terrain slope: subsurface flow that goes to increase the V 
in the downslope cells, and deep flow that goes to feed the deep layer containing the water table 
level.  
Water table flow has been also schematized and it can influence the soil moisture level by inhibiting 
the deep percolation when the water table reaches the surface. 
The infiltration rate is based on a modification of Horton algorithm (Diskin & Nazimov, 1995; 
Gabellani et al., 2008) that manages the inflow into the root zone with capacity      as: 
               
    
    
 Eq.10 
where    [Lt
-1
] is the maximum infiltration rate for completely dry soil and    [Lt
-1
] is the 
asymptotic minimum infiltration rate for saturated soils that is found as: 
         Eq.11 
where    is a calibration parameter assumed constant for the whole basin as well as the other 
parameter    [0÷1] that describes the field capacity of the soil (i.e. the water content that can be held 
by capillarity against the force of gravity) needed to calculate the percolation      : 
         
            
           
 Eq.12 
When the precipitation rate, depleted by vegetation interception, is higher than      then surface 
runoff is generated and infiltration rate depends on the level of soil moisture (for      higher than 
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     at field capacity (   =       ) the percolation begins otherwise   is directly increased by 
    ). Conversely, precipitation rate lower than      will infiltrate directly into the root zone, 
provided that      is not at saturation. Actually, the rooting depth is not defined but it can be 
assumed equals to     .      is updated at each time step solving numerically the convolution 
method that integrates the overland, subsurface and deep flows between the selected cell and the 
adjacent ones. 
The      and    are distributed parameters derived from the value of Curve Number (Risse et al., 
1995) in each cell of the domain while    and    need a previous calibration process and they are 
generally kept constant for the whole basin. This semiempirical but quite detailed methodology for 
modeling infiltration and subsurface flow, even in condition of intermittent and low-intensity 
rainfall, allows Continuum to accurately predicts the unsaturated zone processes which represent an 
essential factor to determine the actual contribution of individual storms. It allows to quantify the 
partitioning of precipitation water into infiltration and runoff and regulate the flow and the recharge 
of deep water. In this way a dynamic description of the soil moisture state is possible for each pixel 
in which the basin is discretized (Giannoni et al., 2000, 2005; Gabellani, 2008). 
For what regards the vegetation interaction, the maximum vegetation interception     is a function 
of LAI by the relationship (Kozak, Ahuja, Green, & Ma, 2007): 
                        
  Eq.13 
Where     is seen as the storage of a “vegetation reservoir” or the maximum volume of precipitation 
that can be retained by vegetation cover and it changes both spatially and temporally according to 
the LAI values.  
For the energy balance the model uses the widely used approximation called force-restore approach 
(Dickinson, 1988) has been applied because is a tradeoff between precision and parsimonious 
parameterization. This approach subdivided the soil layer into two levels: an upper thin layer where 
temperature is approximated as uniform (LST) and a deeper layer also with uniform but different 
temperature (     ). The net result is that flux from the deep soil layer tends to restore the top layer, 
opposing any radiative forcing from the atmosphere (Montaldo and Albertson, 2001). The force 
restore method supposes that the time evolution of LST, at the surface interface, responds to 
variations in surface boundary forcing   occurring at a principal diurnal frequency, so the following 
assumptions are needed:      has a strong single-frequency behavior in time; the soil thermal 
properties are nearly constant with depth. 
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Based on these assumptions, the force restore equation is derived and used to solve the energy 
balance at the surface: 
    
  
       
         
 







] is the effective thermal inertia,   [t-1] is the diurnal frequency, and       
[T] is the restoring ‘deep’ ground temperature, which it represents the temperature below the depth 
of diurnal heat wave.       is evaluated by filtering data for air temperature at ground level 
(Caparrini et al., 2003; Caparrini et al., 2004). For each time step (∆t=1 hour), the model uses a 
fourth-order Runge-Kutta method to iteratively solve the equation with good accuracy. The soil 
moisture greatly influences the     because, beyond directly changing the beta function values, it is 
positively related with the thermal inertia. The effective thermal inertia is given by: 
               Eq.15 










] is the soil heat capacity 
which increases substantially passing from dry to completely wet conditions (Monteith and 
Unsworth, 2013). The following expression is used in Continuum to determine       : 
                                    Eq.16 
where   is the soil porosity [%],       [M L
-3




] is the soil 
specific heat, the    [ML
-3




] is the water specific heat, and   
[0÷1] is the degree of saturation expressed as:   
 
    
 
Evapotranspiration is the link between the water balance and energy balance: the flux exchanged 
vertically between the surface and the air at a given elevation   , it can be simplified by the bulk 
formulation (Dingman, 2002): 
                                     Eq.17 
Where      
        
       
,     [Lt-1] is evaporation rate,    [FL
-2
] is the air vapor pressure,    [FL
-2
] is 
the surface vapor pressure at saturation computed for LST derived at each time step, and their 
differences is usually called vapor pressure deficit  .    is the z-level at which    and wind speed 
are obtained and      [Lt
-1
] is the surface conductance.      [L
2
F] is an atmospheric constant 
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determined by the air density    [ML
-3
], the water density    [ML
-3
], the atmospheric pressure      
[FL
-2
] and 0.622 is a multiplicative factor that derives from the different molecular weight between 
air and water vapor. 
The hydrological model described represents the final element of the hydrological nowcasting 
chain: the output, since the model is distributed, are maps in which, for every point of the domain 
(the points of the river network in Liguria region domain, as represented in Figure 17), the 
discharge is calculated.  
 
Figure 17: Domain of Continuum in Liguria Region: The discharge is calculated for every point of the domain, 
giving in output a distributed map. 
This distributed feature of the hydrological model allows to analyze more sections to evaluate the 




4.6 Implementation of an integrated hydrological nowcasting 
chain 
 
The first step has been the simple connection of the starting elements of the chain: the observed 
radar rainfall input up to the now and two hours of rainfall fields forecasted by nowcasting used as 
input for the hydrological model Continuum (Figure 18). This will be seen in the results in Section 
5.1.  
 
Figure 18: a) The hydrological nowcasting chain in its first version: the observed rainfall is the input until the now, 
then 2 hours of nowcasted rainfall field produced by PhaSt are added to the observations. Starting form a 
probabilistic input (20 rainfall scenarios for each time step) the result is an ensemble of forecasted discharge for 
the following 12 hours (example in b for 9th October 2014 event on Bisagno) 
A second step has been the modification of the hydrological nowcasting chain varying the input 
provided by the nowcasting: a change in the algorithm made possible to take into account the 
variation of the total volume of rain along the forecast horizon. Some attempts have been done to 
find the best source of information from which retrieve the volume trend to apply for obtaining the 




The complete forecasting chain (schematization reported in Figure 19) is the result of an attempt of 
integrating the algorithms available up to now, presented in a unique tool for the hydrological 
forecasting for real time applications. It uses the observed rainfall fields to build the rainfall 
scenarios in the recent past, then for the first two hours of forecast the rainfall fields are forecasted 
by the nowcasting model with the assumption of the modification of the precipitation volume, 
finally from the second hour the rainfall field is a linear combination of the nowcasted field and the 
rainfall field from the NWPS according to the blending function described in Section 4.4; in the 
meanwhile the NWPS is hourly corrected with observation in order to furnish to the nowcasting 
technique updated information regarding the precipitation volume trend. The hydrological model 
takes in input the rainfall scenarios and produces the forecast in terms of streamflow.  The output of 
the chain is an ensemble of possible discharge scenarios (20 ensemble) for the following 12 hours.  
 
Figure 19: a) The hydrological nowcasting chain described in its elements: the main input is the observed radar 
rainfall. It is used up to the Now as it is, is evolved through the nowcasting method and it is used in the data 
assimilation process for the correction of the NWPS. The information regarding the total volume variation along 
the forecast time given by the meteorological model is used to modify the rainfall fields nowcasted. The rainfall 
fields produced in this framework are linearly combined through using the blending technique and then are the 
input of the hydrological model, that produces a probabilistic discharge forecast (example in b).  
In the following Chapter (5) the new elements that have been analyzed and the results obtained 
along this PhD study will be illustrated.  
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Chapter 5: Results and innovative aspects of the study 
A first thing to say is that all the analyses on the results form an hydrological point of view have 
been performed on three case studies related to three major events that stroke Liguria Region during 
autumn 2014.  
Even though these three events could seem a small sample on which conduct a study it is with 
worth to say that the output of the distributed hydrological model allows to compute the score on a 
great number of points inside the domain. This permits to have representative results even 
considering few events.  
The results have been analyzed in a probabilistic framework using different indexes to take into 
account the performances of the hydrological forecast in terms of reproduction of the flow but also 
in terms of anticipation time gained with the use of the rainfall forecasted. To evaluate the 
performances of the hydrological forecast in the control sections three scores have been used: the 
Nash Suttcliffe (NS) coefficient, the Variance of the discharge (Var) and the Continuous Rank 
Probability Score.  
The Nash Sutcliffe (NS, Nash and Sutcliffe, 1970) coefficient was chosen since is one of the widely 
used measure to evaluate models performances in hydrology, especially for streamflow 
reproduction: 
      
                
  
   
                   
 
   
 Eq.18 
Where Qm(t) e Qobs(t) are the modeled and observed streamflow at time t. Nash–Sutcliffe efficiency 
ranges  from −∞ to 1. Values of NS equal to 1 indicate a perfect match of modeled discharge to the 
observed data, while NS=0 means that the model forecasts are as accurate as the mean of the 
observed data. Negative values of NS occurs when the observed mean is a better predictor than the 
model. So closer the NS is to 1, the more accurate the model is. Using a probabilistic forecast the 
index is calculated for each of the 20 realizations and then a mean value is taken.  
To relate this index to the spread of the ensemble of discharge forecast the variance is also 
calculated. 
                 Eq.19 
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Where X is the forecasted discharge and μ is the mean of the forecast. There is not a optimal value 
of this index but it is used to measure the variability of the forecasts in respect to the average value. 
The Reduced Continuous Rank Probability Score (Trinh et al., 2013) is used, calculated as the 
CRPS (Brown, 1974; Matheson and Winkler, 1976; Unger, 1985; Stanki et al., 1989; Hersbach, H., 
2000), reduced with the standard deviation of the observed discharge over the analyzed time period 
(hereafter   ).  
           
 
  




Where F(y) is the forecast probability CDF for the forecast and   is the step function of the 
observed value. Values of this score (adimensional) equals to zero means a perfect forecast: 
observation and forecast coincide. Increasing values corresponds to a bigger distance between 
observations and forecast.  
 
Figure 20: CRPS graphical representation (striped area): it is calculated as the difference between the 
cumulative density function of the forecasted discharge and the observed value represented by the step function 
NS and Var(X) have been applied on the mean of the streamflow ensemble following a 
deterministic approach in the comparison, while the RCRPS is used to evaluate results in a 
probabilistic perspective (Trinh et al., 2013; Davolio et al., 2017a). The calculated values of all the 
scores are expressed as function of lead time; to cope with the large number of values of the RCRPS 
its visualization has been done using boxplot, as it will be shown in the following sections. 
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5.1 Implementation of the hydrological nowcasting chain  
The first result of this work has been the realization of the hydrological nowcasting chain (Figure 
18) connecting different pieces already in use in operational forecasting in a unique tool. The main 
input of the chain, the observed rainfall, has been connected with the rainfall forecast performed 
through the nowcasting. In this way the rainfall input is extended to 2 hours ahead.  
Since the nowcasted rainfall field is the product of a probabilistic forecast, the result is made by an 
ensemble of rainfall scenarios  (20 in this study). The differences are growing with the forecast time 
to take into account the forecast uncertainty that increases going on with the lead time. 
Hence the hydrological model fed by the rainfall scenarios gives an output that is probabilistic: 
there is not only a forecast of discharge but an ensemble of forecast. In Figure 21 is possible to see 
an example of output of the chain with 20 possible forecasted hydrographs for the run on 9
th
 
October at 19:40 UTC at Bisagno river section Passerella Firpo (almost at the outlet of the basin).  
 
Figure 21: Forecasted hydrograph for 9th October 2014 at 19:40 UTC. The red lines are the different forecast of 
the hydrological model while the black line with asterisks is the reference hydrograph, built using the observed 
radar rainfall, taken as the discharge benchmark 
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The evaluation of the performances of the chain has been done comparing the results in terms of the 
output of the chain, namely the forecasted discharge. This comparison has been performed using as 
observed discharge the simulated discharge obtained using the radar rainfall observed as input to the 
distributed hydrological model; the resulting hydrograph will be hereafter defined as “reference 
hydrograph” (Borga, 2002; Vieux and Bedient, 2004, Berenguer et al., 2005). This approach does 
not consider errors in the hydrological model, however already calibrated, since it is aimed at 
evaluating possible improvements in rainfall forecast.  
 
5.2 Modification of the nowcasting algorithm 
After the first modifications in the nowcasting algorithm explained in section 4.2, a second step has 
been the attempt of considering the variation of the total precipitation volume on the radar domain 
along the forecast horizon (of 2 hours). This should extend the validity of the forecast trying to take 
into account the processes such as growth and decay of the precipitation structures that have 
increasing importance with increasing lead times (see section 3.1). To do this a first initiative has 
been the relaxation of a constraint of the original version of PhaSt. This constraint regards the 
spectral amplitude of the rainfall field that is kept constant along the forecast horizon, that mean 
fixing, in the real space, the total volume on the forecasted rainfall fields equal to the one of the last 
observed radar image. This hypothesis of constant volume along the forecast horizon has been 
relaxed. The modification of the volume on the domain is then performed according to the 
information retrieved in three different way: 
1) The volume is modified according to a trend estimated by the last available observations: the 
two most recent radar observed rainfall field are used to calculate the trend of growth or 
decay of the volume of rainfall on the radar domain.  
         
               
        
 Eq.21 
Then the trend in this way calculated is applied to the first three time steps (up to 30 minutes 
ahead) and then is kept constant for the rest of the time. The trend is applied only at the 
beginning of the forecast since the calculated trend, as it is based on observations, cannot be 




Figure 22: Modification of the volume using the observed radar rainfall field: the trend extract from the 
observations is distributed along the first three time steps and then assumed constant 
2) The volume is modified according to the trend forecasted by the NWP model MOLOCH, 
presented in section 4.3. This trend is calculated on the hourly forecasted rainfall field and is 
then applied every ten minutes (time step of the nowcasting update) using the trend related 
to the hour (Figure 23): for example, at the PhaSt forecast at 18:20 of 9
th
 October 2014 the 
trend that will be applied for the first hour is the trend related to the volume variation 
between the 18:00 forecasted rainfall field and the 19:00 forecasted rainfall field. For the 
forecasted rainfall fields between 19:20 and the end of the forecast the trend applied is the 
one calculated between the rainfall field forecasted for 19:00 and the one for 20:00. 
 
3) Similar to the trend presented at point 2 the attempt in the modification of the volume has 
been performed retrieving the information derived by the forecast of the NWP model 
MOLOCH corrected with DA (nudging), presented in section 4.3. This approach is aiming 
to have a compromise between the information content of the NWP model forecast, 
available and reliable for longer lead time, and that one of the observations, that for shorter 
lead time is probably closer to the reality. The way of calculating and applying this trend is 




Figure 23: Modification of the volume using the information regarding the volume of the meteorological model 
as it is and the meteorological model corrected with DA: the trend is calculated per hour and then applied to the 
following two hours. 
In all the alternatives of trend calculation (1,2 or 3) the rainfall field with the volume modified is 
calculated as follows:  
                              
                                                     
Eq.22 
Where x and y are the coordinates in the radar rainfall field, en is the number of ensemble members 
(here 20) and T is the lead time of the forecast (from 10 minutes to 2 hours). 
As explained in section 5.1 the results have been analyzed from the hydrological point of view. 
Four hydrological nowcasting chains, fed with four different input of forecasted rainfall field (the 
original version of PhaSt and the three version with the application of the modification of the 
volume of the domain), have been compared.  
9
th
 October 2014 
The hydrological nowcasting chain provides as output both the forecasted hydrographs for some 




Hereafter are reported some examples of hydrographs built with the different rainfall input in 
forecast since in all the cases up to the Now the input is the radar observed rainfall field. The first 
ensemble of forecasted hydrograph (light blue envelope) is built then with in forecast two hours of 
nowcasted rainfall fields produced by PhaSt without the volume trend application. The second 
ensemble (green envelope) is the resulting hydrographs of two hours of forecasted rainfall field with 
volume variation given by the trend extrapolated by observations. The third ensemble (orange 
envelope) takes in input for the forecasted rainfall field two hours of nowcasted field with the 
application of the volume trend coming from the NWP model corrected with DA technique 
described in section 3.2. The last ensemble (pink envelope) is the result of the hydrological forecast 
with in input the nowcasted rainfall field modified according to the volume trend of the NWP model 
without DA assimilation correction. 
The two selected run shown in Figure 24 (at 19:20 and 19:40 UTC of 9
th
 October 2014) are 
representative of the behavior of the different combination of forecasted rainfall fields with the 
hydrological model. In addition to this these the first run in which the chain output is approaching 
with the forecast the real behavior of the basin in that event. Hence it is possible to have a gain in 
the lead time of the forecast of around three hours that, for taking real time civil protection actions, 




Figure 24: Run of 19:20 (a) and 19:40 (b) UTC of 9th October 2014 for Bisagno Creek at Passerella Firpo 
section: the different envelope forecasted are related to different input in terms of nowcasted rainfall field: the 
first one uses the nowcasted rainfall field without volume variation, the second one the nowcasted rainfall field 
with volume trend given by radar observed rainfall field, the third the nowcasted rainfall field with volume 
variation trend retrieved from the NWP model corrected with DA while the last one use the information of NWP 
model without DA correction 
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For what regards the differences between the four runs what it is possible to see from these figures 
is that the overall behavior of the hydrological forecast is mainly the same for all the forecasted 
rainfall input. Only looking carefully at the ensembles it is possible to notice some differences 
among the four versions.  
In general the ensemble forecasted using the nowcasting modified with the information retrieved 
from the observations led to higher values of forecasted discharge with respect to the other type of 
forecasts. In the cases in which the volume modification is not applied (light blue envelope) and in 
which the volume trend is coming from the NWP model with DA (orange envelope) and NWP 
model (pink envelope) the ensemble of discharge is a slightly less than in the other case. These are 
examples of behavior along this event but calculating the score described at the beginning of the 
Chapter, RCRPS, for all the duration of the event (run starting at 13:00 and ending at 21:00 of 9
th
 
October) the performance are clearer.  
The RCRPS allows to calculate a performance score on all the points of the domain for which a 
discharge is forecasted. In this work two filters have been to applied to take into account only the 
points that were affected by the main event. The points of the domain is considered only if: 
1. The discharge forecasted for that pixel have overcome a certain discharge threshold for at 
least one time step in one of the 20 ensemble members; the threshold used is the index 
discharge, that is the discharge with return period 2.9 years; 
2. The drained area of the pixel must be larger than 15 km2.  
To summarize the resulting values of the index, that often are thousands of values, a boxplot is 
used. The values of RCRPS are grouped in different classes representing the different way of 
varying (or not varying) the volume along the forecast horizon up to eight hours. The reason of the 
choice of this lead time is that over the two hours of forecasted rainfall field in input to the model it 
has been considered the response time of the catchments involved. In fact in Liguria few basins 
have a drained area up to 500 km
2
, and then the maximum response time has been set to 6 hours.  
In Figure 25 the colors used for the different bars are coherent with the colors used in the 
hydrographs: the first column is linked to the original version of PhaSt without volume variation, 
the second one to PhaSt modified with the volume information retrieved by observations, the third 
one to the modification according to the NWP model corrected with nudging, the last with NWP 
model information. In each column inside the box are contained the values between 25% and 75% 
quantiles, the horizontal line represents the median value, while the circle is the mean. The whiskers 
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extend to the most extreme data points not considered outliers, and the outliers are plotted 
individually with points.  
For 9
th
 October event is confirmed what has been noticed in the hydrographs analysis: there is a 
similar behavior among the different version of the hydrological nowcasting chain. However, a little 
enhancing of the predictive performances is achieved through the modification of the volume with 
the trend deduced by the observed radar rainfall field.  
 
Figure 25: RCRPS for 9th October event (time window of the event between 13 UTC and 21 UTC): the boxplot 
groups all the values of the score distinct in the columns related to the various type of modification of the volume 
information expressed as a function of lead time 
The reason of this behavior can be found in the fact that for this particular event the forecast of the 
NWP model, even corrected with the observations through nudging, were really misleading, not 
forecasting the main event of the evening.  
10
th
 November 2014 
The hydrograph (Figure 26) selected to represent the event occurred during the evening of 10
th
 
November 2014 is related to the run at 18:40 of that day and the forecast for Entella river at Panesi 
section, that caused flooding in its lower part in the urban area of Chiavari. 
Also in this case the ensembles show little differences between each other but there is a main 
difference with respect to the previous event analyzed. While during the 9
th
 October event the 
modification of the volume performed applying the observed trend was improving the forecast as it 
was similar to the real behavior of the precipitation pattern, in this case led to an overestimation of 
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the volume modification. Hence in this event the use of the information contained in the NWP 
forecast is more useful than the recently observed rainfall trend.  
The RCRPS calculated on the entire domain for the time window of the event (from 10:00 to 21:00 
of 10
th
 November 2014) is summarized in Figure 27 in the form of boxplot. Also in this analysis 
there are some trends to highlight: at the beginning of the forecast there is not a clear predominance 
in terms of better performance of a type of modification.  
 
Figure 26: Run of 18:40 UTC of 10th November 2014 for Bisagno Creek at Passerella Firpo section: the different 
envelope forecasted are related to different input in terms of nowcasted rainfall field. Starting from the top the 
hydrological model is fed by the nowcasting PhaSt with the volume information not modified,  then the volume 
modified with observations; in the last two the volume is modified with the NWP model corrected with DA and 
the NWP model as it is.  
Starting from 4 hours ahead the modification of the volume done using the trend forecasted by the 
NWP model, both corrected with nudging and not, is enhancing the forecast. This can be noticed in 





Figure 27: RCRPS for 10-11th November event: the values of the score, expressed as a function of lead time, are 




 November 2014 
On November 15
th
 intense and concentrated rainfall caused the raising of the level of many rivers in 
the western part of Liguria.  One of the most affected rivers was Polcevera, whose hydrographs are 
reported in Figure 28 for the run of 9:00 of 15
th
 November 2014. In this case there is a clear trend: 
the hydrological forecast that used in input the rainfall field modified with the information about the 
volume from NWP model and the NWP model corrected with DA are improving the forecast at 




Figure 28: Run of  9:00 UTC of 15 November 2014: the hydrographs represent the hydrological model fed by 
different versions of nowcasting PhaSt with the volume information not modified, modified with observations, 
modified according to the NWP model corrected with DA and the NWP model without DA.  
It is possible to notice the same trend in the boxplot related to the RCRPS calculated along the 
entire event (from 02:00 to 11:00 of 15
th
 November) in Figure 29. The boxplot representing the 
version of PhaSt modified with the volume variation trend predicted by the NWP model corrected 
with nudging is the lower one, indicating better values of the score. In this case the event was well 
reproduced by the NWP model and the use of the observations for correcting the forecast has been 
improving the forecast even more.   
In summary it is hard to determine within these three case studies the best way of modifying the 
volume along the forecast time because of the great influence of the performance of the NWP 
model itself. However, this analysis has been useful for a further step in the building of a 
hydrological nowcasting chain that tries to combine different elements for an accurate forecast of 




Figure 29: RCRPS values for 15th November 2014 event: the four columns are related to the different versions 
of PhaSt with and without volume variation feeding the hydrological model. 
 
5.3 Effects of the blending functions on hydrological forecast  
The use of the blending technique has been a natural further step for the building of an integrated 
hydrological nowcasting chain that tries to use the most accurate QPF in input available at the time 
of the forecast. As already said for very short lead time of precipitation (0–3 h), radar nowcast 
performs best, whereas for longer lead times, NWPS forecasts are better (Kilambi and Zawadzki, 
2005; Lin et al., 2005; Kober et al., 2012; Wang et al., 2015). Hence an attempt has been done in 
achieving a hydrological nowcasting chain in which, after the very first hours (usually 0–3 h) of 
radar-based nowcasting, NWP forecasts can be merged to generate a seamless 0-6 hours prediction 
with higher skill. This technique, called blending, counts many studies in recent years, as already 
explained in section 3.3. In the majority of them the blending function, that is used to give different 
weight to the rainfall field forecasted by the nowcasting or the NWP model, is a function based on 
the performances of the forecasting models. As said in section 4.4 in this work the blending 
function has been retrieved starting from the state of the art of this research area. The resulting 
rainfall field is the linear combination of the fields forecasted by NWP model and nowcasting 
weighted in different way according to the lead time.  
The innovative element that is introduced in this work with respect to the other studies on blending 
is that, beyond the blending applied on the forecast domain to the rainfall field that is mainly acting 
on the location of the structures, a first blending is performed exploiting the information regarding 
the volume variation along the lead time. So, what has been done previously using the volume trend 
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information to modify the nowcasted rainfall field is here applied not only for two hours of forecast 
but for all the forecasts in which the nowcasted rainfall field is used.  
The volume of the nowcasted rainfall field is then modified according the information retrieved 
from the NWPS corrected through the assimilation technique (total volume on the domain). The 
choice of this way of modifying the total volume is linked both to the results shown in section 5.2 
and to the fact that there is the need of having a trend that is applicable to all the lead times of the 
forecast. As for the trend calculated for the two hours of PhaSt the volume trend is calculated for 
the hours of the forecast using the information about the total volume of precipitation on the radar 
domain (Fig 3) according to Equation 22. 
 
Figure 30: Volume trend for rainfall field modification (example for 10-11-2014 at 12:00 UTC). The total volume on 
the domain considered is summed for each time step of the NWPS forecast with DA. The trend volume is applied 
as multiplicative factor to the first rainfall forecasted by the nowcasting technique. 
In this way the information about the potential growth and decay of the rainfall structures is given 
as an additional information to the nowcasted rainfall field. 
The distributed analysis has been carried on exploiting the distributed maps of discharge produced 
by Continuum. As already said this allows to use several sampling points for the comparison even if 
the events analyzed are only three. In this case a first distinction has been done dividing all the 
interested points according to their associated drained area into three classes:  
- Points with upstream drained area in the range of 15 to 50 km2 (small catchments) 
- Points with upstream drained area in the range of 50 to 150 km2 (medium size catchments) 
- Points with upstream drained area in the range of 150 to 500 km2 (big catchments) 
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This distinction finds a motivation in the concentration time related to the different size of 
catchments: a longer influence of the forecast rain can be found for the basins with greater drained 
area and then bigger concentration time. Hence, analyzing the performance indexes and relating 
them to the lead time, a longer lead time will be considered in calculating the indexes for the bigger 
catchments. In particular beyond the 6 hours of lead time corresponding with the rainfall forecast a 
further window of forecast discharge is considered: 1 additional hour for the 1
st
 class of catchments, 
2 additional hours for the 2
nd
 and 3 additional hours for the 3
rd
. 
As already said, a first analysis has been performed to evaluate the performance of the complete 
chain with the four considered configurations of the blending function that allows to generate 
forecasted rainfall fields by linearly combining nowcasted rainfall field and NWPS forecast. This 
analysis has been done evaluating the performance in terms of forecasted discharge using the 
RCRPS score; the distributed approach is here considered, so the predictions in all the points of the 
domain are involved. The results are then distinguished into the three drainage area classes 
presented before.  
Below (Figure 31) is reported the summary of the results considering the entire sample of data for 
the three events: in this boxplot each group of column represents the values of RCRPS (y axis) for 
the indicated lead time every 20 minutes (x axis). Each box indicates the values of the 25% and 
75% quantiles, the horizontal line inside the box represents the median value, while the circle 
indicates the mean.  The whiskers extend to the most extreme data points not considered outliers, 
and the outliers are plotted individually with points. The four columns represent the results related 
to the use of the different blending functions: the first one is related to the step blending function 
(red column); the second (green column) and the third (yellow column) ones are the results of the 
use of the intermediate functions; the last one (blue column) is related to the smoothest of the 
blending functions presented in Section 4.4. 
The first thing that is possible to notice is that there are no large differences between the four 
configurations of the blending functions, but in general it seems opportune to rapidly move from 
nowcasting to NWP model forecast avoiding long smoothing periods. In fact another evidence: the 
scores for all the classes of drainage area performs indicate a worse performance (large values of 
RCRPS) around 4-5 hours of lead time. This result is probably due to the fact that, even if data 
assimilation is performed on NWPS with hourly updating, PhaSt rainfall scenarios and NWPS 
rainfall fields are often not seamless These discontinuities can affect the blending process, 
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generating, in the transition phase from the rainfall fields forecasted with the nowcasting and those 
generated by the NWPS,  an unrealistic final rainfall scenario. 
Regarding the comparison of the results related to the different blending function in general the best 
score is the one related to the step function. However, this behavior is a mean behavior along the 
three events: each event has its “local” best blending function, that will be shown in the results 
regarding each event. 
 
Figure 31: RCRPS for all the events: analysis of the discharge output related to the different four blending 
functions: the red column represents the results of applying the step function, the other three columns the effect 
of application of the other three growingly smoothing blending functions.  The results are presented in form of 
boxplot distinguished in three drainage class area (15-20 kmq, 50-150 kmq and 150-500 kmq) 
 
5.3.2 Basin scale analysis  
The results regarding the discharge forecasted for the main basins stroke by the analyzed events 
were examined starting from a first qualitative visual comparison between the hydrographs 
forecasted for each configuration at every time step (every 20 minutes).  
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Two examples are hereafter reported (Figure 32): the first one is the forecast at 20:10 of the 9th 
October 2014 on Bisagno creek, that was the main responsible for the flood of the municipality of 
Genoa during this event. The second one is the forecast at 19:40 of 11th November 2014 for 
Entella, mainly interested during this event with its tributaries Graveglia and Lavagna. 
The figures show the envelopes of the forecasted discharge for one time step during the considered 
time window of the event. The black thick line is the reference hydrograph, derived by the run of 
the hydrological model with the observed radar rainfall field as input, while the dashed lines 




Figure 32: Example hydrographs for 9th October and  11th November event for Bisagno and Entella outlet sections. 
In both the figure the light blue envelope is the result of the forecast using 6 hours forecast of the nowcasting 
output without volume variation; the orange envelope results from the use of the nowcasting modified with the 
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information regarding the volume; the red envelope takes in input the rainfall fields resulting from the linear 
combination obtained with the blending. 
The first hydrograph envelope (light blue) shows the discharge forecast obtained with 6 hours of 
rainfall from nowcasting, without the volume modification (Figure 33a). For the second hydrograph 
(orange), the 6 hours of rainfall are obtained from nowcasting but applying the modification of the 
volumes according to the trend forecast by NWP model with nudging (Figure 33b). For the last 
hydrograph (red) the input rainfall field results from the blending using the mean best function for 
the three events identified in the previous section 5.3.1: the blending step (Figure 33c). 
 
Figure 33: The hydrological nowcasting chain in its three configurations: : the first one in which is used only the 
nowcasted rainfall field without volume modification (a); the second one with the nowcasted rainfall field 
modified with the trend retrieved by the NWP model (b); in the last one the nowcasted rainfall fields with volume 
modification are combined through blending with the fields forecasted by NWP model corrected with DA 
What it is possible to notice firstly is the difference between the forecasts performed using as input 
only the nowcasted rainfall field for 6 hours of forecast and the forecast with the blended rainfall 
field as input. The main difference that points out is that the ensemble spread of the forecasted 




This is possibly ascribable to the fact that while nowcasting provides a probabilistic forecast (20 
ensemble) of different rainfall scenarios, blending connects a deterministic forecast from the NWP 
model, with nowcasting ensemble. Since each member of this ensemble is blended with the same 
NWP model forecast the spread of the final ensemble is smaller.   
The scores summarized in Section 3.7 (Nash-Sutcliffe efficiency, Variance and Reduced 
Continuous Rank Probability Score) are calculated at basin scale (at the outlet section), for some 
representative basins (see the location of the basins in Figure 34) for each of the events studied in 
this work. 
 
Figure 34: Location of the basins considered in the analysis of the punctual sections: Bisagno for 9th October 
event; Graveglia for 10th November event; Polcevera for 15th November event. 
The use of the RCRPS in this punctual analysis allows to take into account, even in a analysis in a 
river section, of many sample points, that will be taken along the forecast time.  
In the following figures the four configurations compared are the hydrological chain fed by the two 
types of nowcasting already described (with and without the volume modification) and by two type 
of blending obtained with the mean best blending function and the local best blending function, 
different for each event. 
The event of 9
th
 October is sadly known for the flood that affected the municipality of Genoa during 
the evening of that day. The main creek interested by the flood was Bisagno and hereafter are 
presented the results at the Passerella Firpo section (A≈97 km
2




Figure 35: Scores calculated at river section (Passerella Firpo for Bisagno creek) for 9th October event (from 13:00 
to 21:00 UTC of 9th October 2014). Nash Sutcliffe efficiency (a), Variance of the forecast (b), Reduced Continuous 
Probability Rank Score (c) 
It can be noticed that, while for the NS the performances of the hydrological nowcasting chain are 
really similar between each other, the variance of the forecast related to the blended field in input is 
smaller than the other two, giving a forecast with less uncertainty than nowcasting forecast. The 
good performances of the two scores at the first lead times are connected to the response time of the 
basin, in the order of around 3 hours. 
For what regard the RCRPS score the behavior is varying along the lead time: at the beginning are 
performing better the chains that take in input the nowcasting modified with the information 
regarding the volume obtained by the NWPS forecast hourly corrected; in the transition phase, 
when the combination of nowcasting and NWPS forecast is performed, there is no a best 
configuration prevailing on the others; for longer lead times seems to be better the use of the 
nowcasting as it is, without the correction with the meteorological model or the combination with it. 
In fact in this event the forecast of the meteorological model, even corrected with the observations 
through data assimilation, is not able to improve the rainfall forecast. 
The event of 11
th
 November affected the whole Liguria Region but the main effects at ground were 
caused by Entella river, that caused the flooding of the urban area of Chiavari and by its tributaries 
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Lavagna and Graveglia. In this case study the scores on Graveglia basin at Caminata section (A≈42 
km2) are shown in the subplots a), b), c) of Figure 36.  
 
Figure 36: Scores calculated at river section Caminata for Graveglia catchment) for 11th November event (from 
10:00 to 21:00 UTC of 10th November 2014). Nash Sutcliffe efficiency (a), Variance of the forecast (b), Reduced 
Continuous Probability Rank Score (c) 
Here the different color of the fourth configuration compared (in yellow) represents the 
configuration in which the input are the blended rainfall fields resulting from the linear combination 
obtained applying the blending function that performed better for this event (f2, as it can be evinced 
by Figure 31). 
The effects of the use of the meteorological model are clearly positive in terms of RCRPS. In this 
event the forecast of the rainfall field performed only with the nowcasting technique lead to an 
overestimation of the discharge, while the rainfall forecast obtained through the blending of the 
nowcasting output and the assimilated NWPS output gives an important enhancement. Besides that, 
also in this case the smaller variance related to the forecast performed with the blending is giving an 
additional value to this configuration: the forecast shows less spread, is more confident of what is 
predicting with respect to the nowcasting alone.  
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For the event of 15
th
 November, the performance of the scores calculated for Polcevera at Rivarolo 
section (140 km2) are reported in the frames a), b), c) of Figure 37. 
In this case the two configurations related to the blending assume the same color (red) since for this 
event the local best blending function coincides with mean best blending functions for all the events 
(the step function, see again Figure 31). 
The more interesting score in this event is the RCRPS: it is relevant that, in this case, the 
performance of the score connected with the blending are decreasing around 4 to 6 hours lead time. 
As already explained this can be related to the unrealistic rainfall field produced by the blending 
when the nowcasting and the NWP model forecast are really different between each other.  
 
Figure 37: Scores calculated at river section (Rivarolo for Polcevera catchment) for 15th November event (from 
02:00 to 11:00 UTC of 15th November 2014). Nash Sutcliffe efficiency (a), Variance of the forecast (b), Reduced 
Continuous Probability Rank Score (c) 
 
5.3.3 Distributed analysis  
While in the section 5.3.2 the scores where related to single punctual sections of the basins mainly 
involved in the analyzed events, in this section the distributed analysis is aimed to give a more 
general idea of the performance of the hydrological nowcasting chain fed with different rainfall 
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input. In fact, with the distributed analysis it is possible to compile the score, in this case the 
RCRPS, over all the points of the domain, for which Continuum is computing the forecasted 
discharge. For this analysis the comparison will be performed always between the nowcasting 
without the volume variation (1
st
 column of the boxplot), nowcasting with volume modification (2
nd
 
column), Blending performed through the best blending function in average for the three events, i.e. 
the step function (3
rd
 column), Blending performed through the blending function that performs 






 October 2014 
For this event the best blending function is the function referred in Chapter 3.4 as blending function 
f3 (blue column). Figure 38 shows the general behavior during the entire event: the use of the 
information retrieved by the meteorological model in the rain forecast is worsening the hydrological 
forecast. This can be due to the peculiar type of event characterized by stationary and persistent 
precipitation on the same portion of territory that was not forecast precisely by the meteorological 
model but well reproduced by the nowcasting model. However, even if the information regarding 
the location of the rainfall, coming from the meteorological model, is misleading for the 
hydrological forecast, the information about the total volume on the domain is adding a value to the 




Figure 38: 9 Oct. 2014 event: RCRPS for three distinct classes of area. Each column refers to a different 
configuration of the forecasting system, whose rainfall is provided by: nowcasting without volume variation 
(light blue),  nowcasting with the volume variation (orange),  blending using the step blending function (red), and 




 November 2014 
In this event the blending function that is performing better is the one referred before as Blending 
function f2 (yellow column).  
As already pointed out in the previous basin scale analysis, the distributed analysis (Figure 39) 
confirms, even more clearly that for this event the system using the blending performs markedly 
better. Especially for the bigger basins, due to their response time, the effects of a proper rainfall 
forecast provided with blending are beneficial for longer lead times, probably due to the slow 
response of the basins. 
 
Figure 39: 11 Nov. 2014 event: RCRPS for three distinct classes of area. Each column refers to a different 
configuration of the forecasting system, whose rainfall is provided by: nowcasting without volume variation (light 
blue),  nowcasting with the volume variation (orange),  blending using the step blending function (red), and 






 November 2014 
In this event the blending function that is performing better coincide with the best in average for all 
the three events, the step function (in red). 
In this case (Figure 40) the difference among the configurations can be noticed most of all in the 
first two classes of area, where the use of the blending technique improves the rainfall forecast: the 
column related to the blending is always lower and presents less spread with respect to those related 
to the nowcasting. In the last class of area (larger basin) the behavior is different especially at the 
lead time corresponding to the transition in the blending between the rainfall field from nowcasting 
and from the NWP model. This transition phase is confirmed to be the most critical for the blending 
as it can produce unrealistic rainfall fields. 
 
Figure 40: 15 Nov. 2014 event: RCRPS for three distinct classes of area. Each column refers to a different 
configuration of the forecasting system, whose rainfall is provided by: nowcasting without volume variation (light 
blue),  nowcasting with the volume variation (orange),  blending using the step blending function (red), and 






5.4 Intercomparison between two nowcasting methods 
This research activity has been developed in parallel to the main activity of the PhD during the 
period spent at CRAHI-UPC in Barcelona during spring 2018. CRAHI is the Centre of Applied 
Research of Hydrometeorology, of the Polytechnic University of Catalunya. The CRAHI focuses its 
activity on providing scientific and technological support in the area of hydrometeorological 
management and forecasting, particularly on developing models of the processes that drive the 
cycle of surface waters.  
The main argument of this work has been the intercomparison between the nowcasting algorithm 
applied and improved in the PhD, PhaSt, and the nowcasting method developed at CRAHI, 
SBMcast (Berenguer et al., 2005; 2011). This comparison has been performed in different steps, 
with increasing degree of complexity: first of all starting from the analysis of the performances of 
the deterministic versions of the nowcasting methods in terms of rainfall forecast, then studying the 
features of both the techniques in their probabilistic version.  
Successively, an analogue hydrological nowcasting chain connecting SBMcast and Continuum has 
been built similarly the one based on PhaSt. The results obtained with the two hydrological 
nowcasting chain in terms of discharge forecasted have been compared. Finally an analysis in terms 
of propagation of the error through the hydrological nowcasting chain has been performed. 
SBMcast (Berenguer et al., 2005; 2011) is based on the extrapolation of radar precipitation 
observations according to the estimated motion. The algorithm is composed of two modules for: 
- tracking-extrapolation of precipitation: the tracking algorithm estimates the motion field 
with a given resolution based on the analysis of 2 or 3 consecutive radar maps, based on a 
modified version of COTREC (Li et al., 1995). 
- simulation of the evolution of the rainfall field in Lagrangian coordinates assuming the 
hypotheses of the String of Beads model (Pegram and Clothier, 2001).  
This second module is used to perform the probabilistic forecast: starting from the real radar 
reflectivity fields as the first time steps of each time series of the ensemble, it forecasts IMF (t), the 
Image Mean Flux and WAR (t), Wet Area Ratio, constrained with observed values, and the motion 
of the field. 
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In this study the deterministic version uses the first module only: TREC (Tracking Radar Echoes by 
Correlation, Rinehart and Garvey,1978) Starting from the last three observed radar images up to 20 
minutes before the “now” the velocity field of the rainfall filed is obtained and kept constant in the 
advection of the future rainfall fields.  
The deterministic version of PhaSt is obtained switching off the noise component in the equation 
that describes the phases evolution. For the complete equations upon which the model is based see 
Equation 6 in Chapter 4.2. 
Setting the noise equal to zero and according to the hypothesis that after the correlation time the 
tendency velocity is also equal to zero, in a first deterministic version of PhaSt the structures tend to 
stop after few time steps, making it similar to an Eulerian persistence. For this reason, a second 
version of deterministic PhaSt has been explored, relaxing the hypothesis of the tendency velocity 
equal to the estimated initial velocity. A fourth type of nowcasted rainfall field is compared with 
these ones: the Eulerian persistence, that is keeping the most recent observation frozen for the 
following two hours of forecast. 
The analysis of the four nowcasting chains has been performed starting from a simpler comparison 
between the two deterministic nowcasting techniques and then of the deterministic output of the 
hydrological nowcasting chain. 
Regarding the scores used hereafter some new score have been used beyond the scores described at 
the beginning of this chapter. For the analysis of the forecasted rainfall fields: 
- Root Mean Square Error: square root of the average of the squared differences between 
forecasts and observations.  
                        
                            Eq.23 
- Bias: the difference between the mean of the forecasts and the mean of the observations. 
                      Eq.24 
- Ensemble spread of the forecast for the probabilistic analysis: the average difference 
between the individual ensemble forecasts (   ) of a quantity and the ensemble mean 
forecast (  ) of the quantity. 
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 Eq.25 
For discharge analysis has been used the already mentioned NS efficiency (Nash and Sutcliffe 
1970) and an analysis performed through rank histogram or Talagrand diagram (Talagrand et al., 
1997). To build the diagram a rank of a verification (e.g., the observed runoff) is identified sorting 
the values from an ensemble from lowest to highest. As forecast data are used to create the bins 
(class intervals), for an ensemble with 20 members there are 20 bins and then observed (new) data 
are used to fill those bins.  
5.4.1 Deterministic comparison 
9 October 2014 
The scores for the rainfall analysis are calculated at basin scale for the main catchments involved. In 
the 9th October event the main catchments considered are Bisagno, Scrivia and Sturla (Figure 6). 
In the following figures it is possible to see the scores calculated for the rain at basin scale: the 
score is computed pixel by pixel and then a mean value at the basin scale considered is calculated.  
The first thing to observe is the behaviour of rainfall on the considered catchments. Looking at the 
rainfall cumulative map for the time window of the event considered (from 00 UTC of 9
th
 Oct to 6 
UTC of 10
th
 Oct) it is possible to see that in Bisagno and Scrivia the most intense observed rainfall 
structure has been stationary for about 6 hours (Figure 41), while in Sturla basin the rain has been 




Figure 41: Cumulative rainfall map between 12 UTC of 9 October and 00 UTC of 10 October 2014 on the main 
basins involved in the event: Bisagno, Sturla and Scirvia 
In the following figures the performances of the four nowcasting techniques are compared in terms 
of rainfall prediction accuracy: the black line represents the Eulerian persistence, the blue line the 
deterministic version of PhaSt with tendency velocity equal to 0, hereafter referred as phast det0, 
the green line the deterministic version of PhaSt with tendency velocity equal to the initial velocity, 
hereafter referred as phast det0, and the red line the deterministic version of SBMcast. 
Firstly, what can be noticed is the similar behaviour of the persistence forecast and the deterministic 
version of PhaSt det0. This is due to the fact that in this version of the deterministic PhaSt the lack 
of the noise component results into the transformation of the nowcasted field into an Eulerian 
persistence after the first two or three time steps of forecast.  
 
Figure 42: RMSE and BIAS calculated for rainfall aggregated at basin scale for Bisagno varying along the forecast 
time up to 2 hours lead time 
83 
 
Besides that also the other two nowcasting methods Phast det1 and SBMcast deterministic have 
similar results between each other. The persistence in this case perform better in term of BIAS as its 
closer to zero while for the other two there’s a tendency to underestimate the rainfall on the basin, 
moving it too rapidly with respect to what really happened. This behaviour is registered both for the 
rainfall aggregated at basin scale of Bisagno (Figure 42) and of Scrivia (Figure 43). 
 
Figure 43: RMSE and BIAS calculated for rainfall aggregated at basin scale for Scrivia varying along the forecast 
time up to 2 hours lead time 
On the other hand, during the same event on Sturla basin (Figure 44) the rainfall pattern was less 
stationary and the score for RMSE is comparable for each nowcasting technique. Also the BIAS is 
performing better, even if is varying along the forecast time for SBMcast and Phast det1 there is no 
clear underestimation or overestimation of the rainfall fields.  
 
Figure 44: RMSE and BIAS calculated for rainfall aggregated at basin scale for Sturla varying along the forecast 
time up to 2 hours lead time 
The results in terms of hydrological forecast are strongly related to those obtained by the rainfall 
analysis. The score shown in Figure 45, the Nash Sutcliffe efficiency, is obtained comparing the 
forecasted hydrograph to the reference hydrograph. In these graphs the results of the hydrological 
model fed with the different nowcasting methods are compared also with the result of a “no rain” 
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forecast, that mean that the hydrological model takes in input only the observed rainfall field 
without adding nowcasted rainfall field, indicated with the light blue line. The second light blue line 
interrupted by triangles represents the score that would be the result of a prefect rainfall input: this 
is performed using in input as forecasted rain the observed rainfall filed for the next two hours. 
As said before the performances of the hydrological forecast are strongly correlated to those of the 
rainfall forecast. In fact, looking at the NS related to Bisagno and Scrivia catchments (Figure 45 a) 
and b) ), on which for the rainfall analysis the model performing better where those connected to the 
persistence, the eulerian persistence and phast det0, an enhancement in the  predictive capability can 
be seen most of all for greater lead time. On the other hand, for what regard the Sturla catchment 
(Figure 45 c) ), the hydrological forecast  is more accurate for SBMcast and PhaSt det1, for which 
the rainfall forecast scores were performing better. 
 
Figure 45: NS efficiency calculated for discharge forecasted through the different deterministic nowcasting (the 
Eulerian persistence, the two deterministic versions of PhaSt and SBMcast deterministic), the “perfect rainfall” 
and the “no rain” forecast in input to the hydrological model. For 9th October 2014 event the basins analyzed are 
Bisagno (a), Scrivia (b), Sturla (c) 
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Anyway, what can be observed is that there is almost in all the cases a gain of lead time from 30 
minutes to 1 hour and half, that is an important benefit in real time management operations 
especially for these small catchments. The analysis of this event allowed also to notice firstly the 
strong impact of the rainfall pattern on the resulting forecast of the hydrological nowcasting chain. 
 
10-11 November 2014 
The event that occurred during the evening of 11
th
 November is characterized by a rainfall pattern 
similar to the one for the event of October. The main rainfall structure that stroke the Entella basin 
(see location in Figure 7) lead to its flooding in various sections close to the city of Chiavari.  
The scores have been calculated for the time window of the event from 12 UTC of 10
th
 November 
2014 to 02 UTC of 11
th
 November. Looking at the rainfall scores (Figure 46) also for this event is 
possible to notice the correspondence of behaviour between the eulerian persistence and phast det0 
and between SBMcast and phast det1.  
 
Figure 46: RMSE and BIAS calculated for rainfall aggregated at basin scale for Entella varying along the forecast 
time up to 2 hours lead time 
RMSE shows better performances for the SBMcast and phast det1 forecast while  BIAS performs 
better in the cases related to the persistence forecast. Looking at the score of the hydrological 
forecast (Figure 47) even in the event of 11th November the rainfall pattern played an important 
role: even if the NS is very similar for all the different configuration of hydrological nowcasting, for 




Figure 47: NS efficiency for Entella calculated for discharge forecasted through the different deterministic 
nowcasting (the Eulerian persistence, the two deterministic versions of PhaSt and SBMcast deterministic), the 
“perfect rainfall” and the “no rain” forecast in input to the hydrological model. 
 
15 November 2014 
For this event it is possible to do some considerations about the performances of the nowcasting 
models related to the size of the catchments as the size of the catchments considered is really 
different: Cerusa has a drained area of 25 km
2
 while Polcevera of almost 150 km2 (see Figure 8). 
The time window of the event analyzed goes from 00 to 16 UTC of 15
th
 November 2014 . 
The performances of the rainfall forecasts in terms of RMSE are really similar  in the two basins 
(Figure 48 and Figure 49) even if it can be noticed a slightly better behaviour for Polcevera with the 




Figure 48: RMSE and BIAS calculated for rainfall aggregated at basin scale for Polcevera varying along the 
forecast time up to 2 hours lead time 
For BIAS on Polcevera basin there is the same trend at the beginning of the forecast while for 
longer lead times it become better the forecast related to persistence; for Cerusa is harder to find a 
unique best nowcasting technique because their performances are sensitive to the lead time of the 
forecast. 
 
Figure 49: RMSE and BIAS calculated for rainfall aggregated at basin scale for Cerusa varying along the forecast 
time up to 2 hours lead time 
Looking at the scores of the hydrological forecast (Figure 50), the better performance noticed for 
phast det1 are confirmed by the better behaviour of the corresponding NS: at equal NS there is a 
gain of almost 2 hours of lead time in the forecast performed through the nowcasting phast det1. 
Focusing on this aspect of performance of the forecast, the gain in term of lead time, a pronounced 
difference is undeniable between the two basins analysed. For Polcevera (around 145 km
2
) the use  
of two hours of nowcasted rainfall allows to gain from 30 minutes to 2 hours with respect to the 
forecast without rain while in the smaller Cerusa, that is only 25 km
2




Figure 50: NS efficiency calculated for discharge forecasted through the different deterministic nowcasting (the 
Eulerian persistence, the two deterministic versions of PhaSt and SBMcast deterministic), the “perfect rainfall” 
and the “no rain” forecast in input to the hydrological model. For 15th November 2014 event the basins analyzed 
are Cerusa (a) and Polecevera (b) catchments. 
The reason of this discrepancy can be found in the different response time of the two basins: the 
very fast response of Cerusa, connected to its geomorphologic characteristics, makes really difficult 
to exploit the forecasts of the nowcasting to enhance the hydrological model output.  
 
5.4.2 Probabilistic comparison 
In the probabilistic comparison the nowcasting models compared are PhaSt in its probabilistic 
version as it is described in Section 4.2 and SBMcast as it is presented at the beginning of the 
section 5.4. The case event is the 9
th
 October 2014 and the basin of analysis is Bisagno. 
The comparison of two probabilistic nowcasting techniques and of the related output of the 
hydrological nowcasting chain is a challenging problem. In fact many factors have to be taken into 
account: the uncertainty of the probabilistic forecast, the errors in terms of rainfall forecast but also 
the propagation of the errors in the hydrological nowcasting chain. Trying to understand this 
process a first effort has been done starting from an analysis carried on in (Foresti et al., 2016).  
Firstly, referring to the rainfall forecast all over the domain, the dispersion of the forecast has been 
analyzed comparing the RMSE of the ensemble mean with the ensemble spread of the forecast. 
Since the spread of the forecast should represent the uncertainty of the forecast a good 
representation of the latter is obtained when the ensemble spread is as closer as possible to the 
89 
 
average variability of the observations around the ensemble mean, represented by the RMSE of the 
ensemble mean.  
The result is shown in Figure 51, in which, for the two probabilistic nowcasting techniques (PhaSt 
a) and SMBcast b) ), three lines are represented: the values of RMSE (line with stars) and the 
ensemble spread (line with circles) refers to the left axis, having the same unity of measure. The 
third line (solid line), representing the ratio between spread and RMSE, refers to the right axis, 
being expressed in terms of percentage. The RMSE and the spread have been calculated pixel by 
pixel on the entire radar domain and then the mean is represented in function of the lead time.  
The fact that the ensemble spread is lower than the error for all the lead times means that the 
ensemble forecasts are under dispersive, in other words, the nowcasting model is under estimating 
the forecast uncertainty. What can be observed is that this under-dispersion is emphasized for 
SBMcast, for which the ratio between the spread of the ensemble and the RMSE is for every lead 
time lower than 40%. Then, a different behavior of the two techniques can be noticed looking at the 
ratio: the different trend outlines that for PhaSt this underestimation of the uncertainty grows 
initially very quickly and is flattened for the remaining lead time, while for SBMcast it gradually 
increases with the lead time.  
 
Figure 51: Ensemble spread (solid line with circles) and RMSE (solid line with stars) calculated for the rainfall 
field nowcasted with PhaSt (a) and SBMcast (b). The third solid line represents the ratio between the ensemble 
spread and the RMSE 
To analyze the capability of the nowcasting techniques to represent the uncertainty of the forecast 
trough the spread of the forecasted discharge another way of analysis has been used: the rank 
histograms (also known as Talagrand diagram). To build it the discharge values forecasted are 
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ranked in increasing order to create bins; then the bins are then filled with the observed discharge. 
Among the 20 bins, in the first bin are contained the values of observed discharge lower than the 
minimum forecasted, while in the last one there are the values higher than the maximum value 
forecasted. A good ensemble forecasting shows a flat histogram because each ensemble member is 
an equi-probable realization of the future. If the histogram takes the shapes of a U or of an L with 
over-population of the extreme bins this means that the values of the observations fall often below 
or above the highest value of the ranked ensemble. Hence the forecast is under-dispersive, that is 
not dispersive enough to capture the extremes. 
Performing this analysis for the forecasted discharge for Bisagno at different lead times the 
following behavior can be noticed: at the first time step the histogram is flat, indicating that the 
forecast is representative of the spread (Figure 52) 
 
Figure 52: Rank histogram calculated for forecasted discharge at lead time 10 minutes result of the probabilistic 
hydrological nowcasting chain fed with PhaSt and SBMcast 
Going on with forecast time (Figure 53 and Figure 54) in the histograms there is a marked over-




Figure 53: Rank histogram calculated for forecasted discharge at lead time 30 minutes result of the probabilistic 
hydrological nowcasting chain fed with PhaSt and SBMcast 
 
Figure 54: Rank histogram calculated for forecasted discharge at lead time 1 hour result of the probabilistic 
hydrological nowcasting chain fed with PhaSt and SBMcast 
From the forecast at 2 hours lead time (Figure 55) the over-population regards mainly the last bin 
and for higher lead time, as it can be seen in Figure 56 for the forecast at 4 hours lead time, the L 
shape becomes emphasized, with higher over population of the last bin. This means that both the 
hydrological forecasts are under-dispersive, not representing adequately the spread. This is 
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connected with the observation on the under-dispersion of the nowcasting techniques that has been 
highlighted for the rainfall probabilistic comparison.  
This work has been useful to explore the different instruments available for the comparison and the 
analysis of the performances of two nowcasting technique, both from the deterministic and the 
probabilistic point of view. Moreover, the coupling of the nowcasted rainfall field with the 
hydrological model has been exploited to analyze the propagation of the error inside the 
hydrological nowcasting chain and also for this analysis new approaches have been investigated.  
 
Figure 55: Rank histogram calculated for forecasted discharge at lead time 2 hours result of the probabilistic 





Figure 56: Rank histogram calculated for forecasted discharge at lead time 4 hours result of the probabilistic 




5.5 Visualization of the results 
A crucial part of the work from an operational perspective, is making the output of the models 
useful in order to support civil protection decisions and actions is the communication of the final 
results. Risk communication in flood management can be improved through developing tools for 
communicating risk between scientists and emergency management professionals.  
In order to answer to the operational requirements a possible way to visualize PhaSt output have 
been studied. 
 
Figure 57: Comparison between observed rain field and PhaSt forecast for run at 23:00 of 1-08-2014 
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The visualization of the 10 ensemble members in the same figure can be useful to have an idea on 
the uncertainty of the forecast along the forecast horizon.  
In Figure 57 the agreement of the different ensemble is represented through the colour used. Darker 
colours are used to represent the fact that many scenarios are forecasting the same rainfall pattern. 
In fact for short lead time, for which the uncertainty is very little, there is almost a total agreement 
between the different scenarios. Then, going on with the lead time, the uncertainty grows and 
consequently the spread of the forecast: at the end of the forecast the rainfall pattern is wider, 
covering a larger area.  What can be noticed is the overlapping of the rainfall fields in the first time 
steps and then the relaxation of this overlap for the following steps: at 2 hours the rain field 
distribution covers a bigger area and less scenarios agree on the location of the structures.  
The threshold used here is connected to the location of the rainfall field: the threshold of 1 mm/10 
min means the simple presence of a precipitation structure. If the objective is to identify the location 
of the most intense rainfall structures the idea is to use the same visualization tool applying higher 
thresholds.  
Regarding the representation of the output of the hydrological model, the discharge, an important 
step forward has been the use of the distributed output of the hydrological model. In fact the 
hydrological model Continuum allows to compute the hydrological forecast over the domain of 
Liguria Region. As said before a suitable visualization of the results is advisable in order to 
communicate the information in the most effective way. In this framework the flood forecast is 
difficult to interpret without a specific knowledge of the catchments involved. 
Looking at Figure 58, in which the maps of forecasted discharge (maximum and minimum values) 
are represented for 1, 2 and 3 hours ahead at 19:40 UTC of 9
th
 October 2014; for a lot grid points of 
the stream-network a high value of discharge is forecasted, but it is difficult to interpret whether this 
value is overcoming a critical threshold of flowing discharge. In fact what can be a critical value for 
a small catchment can correspond to ordinary values of discharge flowing in medium or big size 
catchments as a consequence, visualize results in terms of discharge, is not the optimal and most 





Figure 58: Map of discharge forecasted at 19:40 of 9th October 2014: distinct into two series of maps, maximum 
and minimum discharge forecasted at 1, 2 and 3 hours of lead time. It is hard to determine which are the basins 
really involved in the event that are causing at soil effects because the value of the critical discharge is really 
sensitive to the characteristics of the basin such as the area and the  
In order to visualize the information of discharge in a distributed way independently on the basin 
scale, the flood forecast is converted in terms of return period T.  
This conversion is possible applying the regionalization approach valid for Liguria Region (Boni et 
al., 1999), according to which quantiles of discharge (QT) are calculated using the flood index (with 
a return period of 2.9 years) and the known flood frequency factor (KT): 
           Eq.26 
The flood index, depending on geomorphological and climatological characteristics of the basin, 
can be calculated according to the following formula: 
                  
   
   




 A is the area of the basin; 
 CF is a dimensionless parameter calculated from the Curve Number (Mishra and Sing, 
2013), function of the type of soil of the basin: 
   
 
 
        
         
  
 
    
 Eq.28 
 a is a parameter related to the rain index E[H1] that is varying with longitude: 
             Eq.29 
 
Longitude E[H1] Longitude E[H1] Longitude E[H1] 
degree minutes mm degree minutes mm degree minutes mm 
7 30 30.3 8 25 39.2 9 20 39.9 
7 32.5 30.7 8 27.5 39.6 9 22.5 39.7 
7 35 31.1 8 30 39.9 9 25 39.7 
7 37.5 31.5 8 32.5 40.0 9 27.5 39.5 
… … … … … … … … … 
Table 1: example of table of the values assumed by the rain index E[H1], varying as a function of Longitude: for 
the intermediate values of Longitude it is possible to calculate the value of E[H1] trough interpolation 
 
 tb is the concentration time of the basin, that is the response time of the catchment and 
within this study is calculated as function of only the area of the basin according to the 
following empirical formulation: 
              
     Eq.30 
Then, known the discharge index (Q2.9), it is possible to calculate the discharge for every return 
period using the corresponding value of the discharge frequency factor KT.  
Some values of the KT index have been calculated for Liguria Region (Table 2) for return period 
equal to 5, 10, 30, 50, 100, 200, 500 years, significant values of return period.  
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T [years]  5 10 30 50 100 200 500 
KT  1.29 1.79 2.90 3.47 4.25 5.02 6.04 
Table 2: Values of the coefficient KT for some meaningful values of return period T[years] 
However, it is possible to build a regression curve to calculate the other intermediate values of this 
factor (Figure 59).  
 
Figure 59: Regression curve for Return Period - KT values: starting from some known points of correspondence 
between KT and T it is possible to build the curve interpolating them to obtain also the intermediate values of KT 
From the regression curve in this way calculated is possible to extract the corresponding equation of 
the trend line, reported in Figure 59. From this equation and from the definition of the discharge 
index it is possible to express the value of the return period as a function of the observed/forecasted 
discharge an of the discharge index:  
   
               
            Eq.31 
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In this way the information visualized does not depend on the size of the basin involved and is more 
uniform. Information of drainage area and hydro-climatology in each single grid point, are 
implicitly accounted by the methodology of estimation of the Return Period.  
In Figure 60, in which the same time step of Figure 58 is shown, it is possible to see the maps of 
maximum and minimum forecasted return period for 1, 2 and 3 hours calculated through the 
regionalization method explained above. It can be clearly noticed that the use of the return period to 
communicate which is the area most affected by the event is efficient. As an example, in this case 
the Bisagno creek that indeed was the most affected basin during 9
th
 October event shows very high 
values of T. For the forecast at 2 hours of lead time the basin shows high values of return period 
corresponding to those observed during the event. 
 
Figure 60: Maps of the return period forecasted at 19:40 of 9th October 2014: in the upper part the maximum values 
of return period forecasted and in the lower part the minimum values. The maps are calculated following the 
regionalization method for 1, 2 and 3 hours of lead time. 
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The information of the return period is therefore useful to communicate in terms of possible 
forecasted hazard magnitudo an information that is distributed and easily interpretable even without 




Chapter 6: Conclusions 
Along this PhD thesis different works have been developed, linked with the same final goal, the 
building of an integrated hydrological nowcasting chain for the forecast of floods and flash floods. 
The application of this chain would be useful especially for small basins of the Mediterranean area, 
for which, due to their fast response time, the forecast with a sufficient lead time is essential for 
civil protection management actions.  
The use of a reliable QPF in input to hydrological model is essential to extend the lead time of the 
hydrological forecast. To deal with this fact the first aspect analyzed in work has been the analysis 
of the nowcasting spectral based technique PhaSt: starting from an  analysis of the model 
characteristics a calibration of some of the parameters in input has been performed (section 4.2).  
To extend the validity of the forecast is important to take into account the processes such as 
increase and decrease of the volume of precipitation structures that have increasing importance with 
increasing lead times. Then, to extend the validity of the forecasts produced by PhaSt a first step has 
been the relaxation of the constraint regarding the volume of rainfall on the map (section 5.2). In the 
original version this constraint kept the volume constant along the forecast horizon. Some attempts 
have been done to introduce this information in the nowcasting model. The modification of the 
volume on the domain has then been performed according to the information retrieved in three 
different way: trend estimated by the last available observations, trend forecasted by the NWP 
model MOLOCH, trend forecasted by the NWP model MOLOCH corrected with DA (nudging). 
The case studies on which the chain has been tested are 3 events of autumn 2014 that hit Liguria 
Region involving different catchments and urban areas: 9
th
 October event, 11
th
 November event, 
15
th
 November event. However, the study did not identify a specific better way of modifying the 
volume along the forecast horizon as the resulting performances are comparable between the 
different versions. Despite of that it has been useful for a further step in the building of a 
hydrological nowcasting chain that attempts to combine different elements for an accurate forecast 
of the rainfall field and a consequently accurate forecast of the discharge. 
A natural following step has been consequently a step forward in the creation of an integrated 
forecasting chain that is exploiting all the instruments available at the time of the forecast to provide 
the most accurate input to the hydrological model (section 5.3). The elements involved in the chain 
are the high resolution NWP model MOLOCH, the nowcasting model PhaSt and the hydrological 
distributed model Continuum. Also along this work an intermediate goal has been the improvement 
of the single elements of the chain.  
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To enhance the NWP forecasts, the model is frequently (every hour) corrected with data 
assimilation of rainfall estimates derived from both radar and raingauges. Then the forecasted 
rainfall fields produced by PhaSt are modified along the forecast horizon according to the 
information related to the variation of rainfall volume derived from the NWP model corrected with 
DA. The combination of the resulting rainfall field has been performed through the use of a 
technique, called blending, used to combine the rainfall fields according to an estimated blending 
function that is giving different weight to the QPF according to the lead time.  
The probabilistic QPF obtained (20 rainfall ensembles for 6 hours of forecast) is the input of the 
distributed hydrological model Continuum that produce a probabilistic discharge forecast in a 
frequent updated Flood Forecasting System (every 20 minutes). The events on which the chain has 
been tested are always the same three main floods occurred during the autumn of 2014 that affected 
in different areas Liguria Region. Even if the number of events analysed is restricted the resulting 
distributed maps produced by Continuum allow to verify the performance of the chain on a large 
data sample.  
A first analysis has been done comparing the results of the application of various blending functions 
to combine the forecasted fields, highlighting the presence of a best function for the three events 
considered together and a best local function for each single event. Then a comparison has been 
performed between the configurations of the hydrological nowcasting chain fed only with 
nowcasting, with and without volume modification, and with the rainfall blended fields.  
The scores used for the analysis showed that various cases the use of the rainfall fields resulting 
from the blending process lead to an improvement of the performances of the whole chain with 
respect to the use on the nowcasting alone. In other cases the benefit gained using the complete 
configuration with the blending is not so evident and the performances result similar to the use of 
the nowcasting for all the lead time. However, a worsening of the performance is rarely observed 
and occurs in the time window of transition between the nowcasted and the NWP rainfall field. In 
summary there’s an adding value in the use of the blending between nowcasting and NWP model as 
it’s producing better ore equal scores than the use of the nowcasting alone.  
Besides this work a research activity has been carried on at the Centre of Applied Research in 
Hydrometeorology performing a study of inter-comparison between PhaSt and the nowcasting 
method developed at CRAHI, SBMcast (section 5.4). In this work has been developed an analysis 
of their performances in terms of rainfall forecast but also in terms of representativeness of the 
probabilistic forecast. Exploiting the coupling of the nowcasted rainfall fields with the hydrological 
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model, another aspect analysed has been the propagation of the error inside the hydrological 
forecasting chain.  
A concluding element of this work has been the study related to the communication of the 
information coming from the instruments used in this study, the nowcasting model and the 
hydrological nowcasting chain. This is an essential element in the chain to make the information 
available useful to support those that are using it to take decisions and actions in flood management 
actions.  
Future works and improvement to the chain presented in this work can be explored always in terms 
of enhancing of the elements that are composing it.  
Other ways for the modification of the volume can be investigated to modify the volume of the 
nowcasting technique along the forecast time such as the information coming from satellite 
observations regarding the precipitable water content of the atmosphere.  
Other technique of DA with increasing degree of complexity can be used to assimilate in the NWP 
model not only the observed precipitation field as it done with the nudging but also other variables. 
Among these techniques the first one that will be approached is the 3DVAR technique applied to 
WRF (Weather Research and Forecasting) model.  
Finally, following recent works (Atencia et al., 2010) further research can be done exploring 
different kind of blending. First of all some attempts will be done trying to perform the so called 
spatial blending, that introduces, besides the dependence on the lead time, a spatial dependence of 
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Appendix 1- Publications  
 
 Publication of the paper, with the title “Severe hydro-meteorological events in Liguria 
Region: calibration and validation of a meteorological indices based forecasting 
operational tool” (Poletti, M.L, Turato,  B., Parodi, A.; 2017) above the results obtained in 
the Master thesis, on the journal Meteorological Applications (DOI 10.1002/met.1653). 
 
 Publication of the paper:  “Comparison of two systems for regional flash flood hazard 
assessment” to the Journal of Hydrology (C. Corral, M. Berenguer, D. Sempere Torres, L. 
Poletti, F. Silvestro, N. Rebora; 2019) regarding the results of the comparison between the  
flood warning  system operating  at  the Regional  Environmental  Protection  Agency of 
Liguria Region and  the rainfall based flood  warning system operational in the Spanish 
Regional Water Agency of Catalonia. 
 
 Submission of the paper: “Using nowcasting technique and data assimilation in a 
meteorological model to improve very short range hydrological forecasts” (Poletti, M. L., 
Silvestro, F., Davolio S., Pignone, F., & Rebora, N.) above the results of the PhD thesis on 
Hydrology and Earth System Science.  
 
 Conference Abstract EGU General Assembly 2017 (Vol. 19, p. 14367). Poletti, M. L., 
Pignone, F., Rebora, N., & Silvestro, F. (2017, April). “Probabilistic hydrological 
nowcasting using radar based nowcasting techniques and distributed hydrological models: 
application in the Mediterranean area”. Presented in poster session.  
 
 Conference Abstract EGU General Assembly 2018 (Vol. 20, p. 17022).  Poletti, M. L., 
Silvestro, F., Rebora, N., & Pignone, F. (2018, April). “Predicting flash-floods in small 
Mediterranean catchments: application and results of a probabilistic hydrological 
nowcasting technique”. Presented in PICO session. 
 
 Conference Abstract EGU General Assembly 2018 (Vol. 20, p. 17288).  Martina, F., 
Silvestro, F., Giannoni, F., & Poletti, M. L. (2018, April). “Flood nowcasting procedure for 




 Conference Abstract EGU General Assembly 2019 (Vol. 21, 8197). Poletti, M. L., Silvestro, 
F., Davolio, S., Pignone, F., & Rebora, N. (2019, April). “Using nowcasting technique and 
data assimilation in a meteorological model to improve very short range hydrological 
forecasts”. Presented in PICO session. 
 
 
Appendix 2- Participation to conferences and 
workshops  
 
 15th Plinius Conference on Mediterranean Risks, Giardini Naxos, Italy, 8-11 June 
2016 
The objective of the 2016 edition of the conference is to provide special emphasis to discuss 
both the current state of knowledge, as well as advancements in multidisciplinary researches 
and applications, related to Mediterranean risks and hydro-related hazards, such as floods, 
landslides, coastal flooding and coastal erosion, and their expected impacts on people, 
society, the environment, and the economy, also with respect to predicted climate changes. 
Presentation of two posters related to the topic “Floods, flash floods and related hydrological 
processes: modeling, forecasting, global and climate change effects”.  One of the poster, 
with the title “Probabilistic hydrological nowcasting using radar based nowcasting 
techniques and distributed hydrological models” presents the first results of the PhD work. 
The other one, entitled “The role of spatial and temporal scales in defining the magnitude of 
flash flood events: analysis of the 9th October 2014 event in Genoa” shows the results of the 
study on the 9th October 2014 flood event. 
 
 Anywhere Workshop, Genova, Italy, 5-8 September 2016 
The Anywhere (EnhANcing emergencY management and response to 
extreme WeatHER and climate Events) project, has the ultimate objective to empower 
exposed responder institutions and citizens to enhance their anticipation and pro-active 
capacity of response to face extreme and high-impact weather and climate events. 
ANYWHERE proposes to implement a Pan-European multi-hazard platform providing a 
better identification of the expected weather-induced impacts and their location in time and 
space before they occur. This platform will support a faster analysis and anticipation of risks 
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prior the event occurrence, an improved coordination of emergency reactions in the field and 
help to raise the self-preparedness of the population at risk. 
 
 European Geoscience Union (EGU) General Assembly 2017, Wien, 23–28 April 2017 
The EGU General Assembly brings together geoscientists from all over the world to one 
meeting covering all disciplines of the Earth, planetary and space sciences. The EGU aims 
to provide a forum where scientists, especially early career researchers, can present their 
work and discuss their ideas with experts in all fields of geoscience. Poster presentation for 
the work related to the PhD thesis theme with the title "Probabilistic hydrological 
nowcasting using radar based nowcasting techniques and distributed hydrological models: 
application in the Mediterranean area" 
 
 Giornate dell’Idrologia 2017, Favignana, Italy, 21-24 June 2017 
Meeting with the aim of establishing opportunity of discussion between the world of 
Hydrological Research and the Public Administration of technical professions in order to 
work synergistically for a proper prevention and mitigation of natural hazards (floods, 
droughts and landslides) in a context of global change. In particular, the Days intended to 
provide a synthesis of the state of the art on issues of extreme events for the prevention and 
mitigation of natural hazards and adaptation to global change. Poster presentation on the 
work related to the PhD thesis theme and on Flood PROOFS Italy project. 
 
 ICUD, International Conference on Urban Drainage 2017, Prague, 10-15 September 
2017 
The ICUD conference aims to present the latest advances and innovative approaches in 
fundamental and applied research on urban drainage, taking into account meteorological, 
hydrological, hydraulic, water quality and socio-economic aspects worldwide. Oral 
presentation on the work related to the PhD thesis theme with the title “Probabilistic 
hydrological nowcasting using radar based nowcasting techniques and distributed 
hydrological models: application in urban small basins” 
 
 Anywhere Workshop, Helsinki, 19-22 September 2017 
Second workshop on the progress of the project Anywhere. Scope of the workshop is to 
consolidate the collaboration between European civil protection actors and present new tools 
for them for monitoring of weather and climate–related hazards and impacts. The Project 
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Meeting aimed to monitor, interact and make further detailed plans of the ongoing and 
future progress among the Anywhere project Partners, as well as perform constructive 
interaction with the Advisory Board. 
 
 European Geoscience Union (EGU) General Assembly 2018, Wien, 9–13 April 2018 
In EGU 2018 PICO presentations (first oral presentation to the audience of the essence of 
the work in 2 minutes and then interactive presentation to the screens) of the work related to 
the PhD thesis ("Predicting flash-floods in small Mediterranean catchments: application and 
results of a probabilistic hydrological nowcasting technique") and of a work done in 
collaboration with CFMI-PC ARPAL (“Flood nowcasting procedure for small and very 
small basins”). 
 
 11th HyMeX Workshop, Lecce, 29 May-2 June 2018 
Organized by the Institute of Atmospheric Sciences and Climate of the Italian National 
Research Council (ISAC-CNR) in collaboration with the University of Salento and the 
Euro-Mediterranean Center on Climate Change (CMCC). Contribution to the oral 
presentation of Silvio Davolio entitled "Rainfall data assimilation in a convection permitting 
model for improving meteo-hydrological forecasts over Liguria". 
 
 European Radar Conference (ERAD) 2018, Ede-Wageningen, 1-6 July 2018 
ERAD is held to promote the exchange of knowledge between students, research scientists, 
radar engineers and operators, and end users of weather radar. ERAD provides a platform to 
transfer knowledge from research into operational use (and vice versa) of weather radar. 
Poster presentation “Operational hydrological nowcasting: chain comparison applied on 
mediterranean small catchments” on the results of the collaboration with CRAHI-UPC 
obtained in the months passed in Barcelona to this Centre of Research.  
 
 1st AISAM National Congress, Bologna, 10-13 September 2018 
The first National Congress of the Italian Association of Atmospheric Sciences and 
Meteorology aimed to be a meeting of the Italian scientific community involved in the 
atmospheric sciences, meteorology and climatology. Contribution to the oral presentation by 
Silvio Davolio of the work done in collaboration with ISAC-CNR with the title “Meteo-





 16th Plinius Conference on Mediterranean Risks, Montpellier, France, 9-12 October 
2018 
The objective of the 2018 conference is to provide an interdisciplinary forum for discussions 
on our current state of knowledge of Mediterranean risks. Poster presentation on the 
collaboration with ISAC-CNR for the use of Meteorological data assimilated data in the 
hydrological nowcasting chain (“Nowcasting hydrological chain: how to extend the forecast 
horizon?”) and oral presentation about the results in the work with CRAHI-UPC about the 
comparison of the nowcasting techniques used (“Hydrological nowcasting: application and 
comparison of two probabilistic nowcasting technique”). 
 
 European Geoscience Union (EGU) General Assembly 2019, Wien, 8–12 April 2019 
In EGU 2019 PICO presentations of the last results of the PhD ("Using nowcasting 
technique and data assimilation in a meteorological model to improve very short range 
hydrological forecasts "). 
 
 
